ACOUSTIC TRANSDUCTION -
MATERIALS AND DEVICES

Period 31 July 1996 to 31 December 1997

Annual Report
VOLUME |

OFFICE OF NAVAL RESEARCH
Contract No: N00014-96-1-1173

APPROVED FOR PUBLIC RELEASE -
DISTRIBUTION UNLIMITED

Reproduction in whole or in part is permitted for any
purpose of the United States Government

Kenji Uchino

PENNSTAT

i

THE MATERIALS RESEARCH LABORATORY
UNIVERSITY PARK, PA

\VOBANO Do\



REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting burden for this coliection of information 1s estimated to average 1 hour per response, INCIUding the time for reviewing instructions, 3€drching existing aata sources
Send ¢ burd ‘

. and compieting ana reviewing the collection of Informatien

gathenng and ma g the data

3 8 ¢ the Or any other aspect ot
collecton of information, including suggestions for regucing this burden. 1o Washington Heaoguarters Services, Directorate for lmsmmon Operations and :e;:m"!; 18 lef?en"o':
Daves ihghway, Suite 1204, Arlington, VA 222024302, and 10 tne Office of Management ang 8udget. Paperwork Reduction Project (0704-0188), Washington. DC 20503.

2. REPORT DATE
05/01/98

1. AGENCY USE ONLY (Leave blank)

3. REPORT TYPE AND DATES COVERED
ANNUAL REPORT 07/31/96-12/31/97

4. TITLE AND SUBTITLE
ACOUSTIC TRANSDUCTION —- MATERIALS AND DEVICES

6. AUTHOR(S)

KENJI UCHINO

5. FUNDING NUMBERS
ONR CONTRACT NO:
N00014-96-1-1173

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)
Office of Naval Research Office of Naval Research
ONR 321S8S Regional Office Chicago
Ballston Centre Tower One 536 S Clark Str., Rm 208
800 N Quincy Street Chicago IL 60605-1588
ington, VA 22217-5660

10. SPONSQORING / MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT

12b. DISTRIBUTION CODE

LRTr T —

13. ABSTRACT (Maximum 200 words)

SEE FOLLOW PAGE

14. SUBJECT TERMS

15. NUMBER OF PAGES

16. PRICE CODE

17. SECURITY CLASSIFICATION
OF REPORT

18. SECURITY CLASSIFICATION
OF THIS PAGE

19. SECURITY CLASSIFICATION
OF ABSTRACT

20. LIMITATION OF ABSTRACT

NS* 754£0-01-280-550

tangars fo-— 298 iSe, 2.3

Seegcripac Dy AN s CrCLc.



GENERAL INSTRUCTIONS FOR COMPLETING SF 298

The Report Documentation Page (RDP) is used in announcing and cataloging reports. 1t is important
‘that this information be consistent with the rest of the report, particularly the cover and title page.
Instructions for filling in each block of the form follow. It is important to stay within the lines to meet

optical scanning requirements.

Block 1. Agency Use Only (Leave blank).

Block 2. Report Date. Full publication date
including day, month, and year, if available (e.g. 1
Jan 88). Must cite at least the year.

Block 3. Type of Report and Dates Covered.
State whether reportisinterim, final, etc. If
applicable, enter inclusive report dates (e.g. 10
Jun 87 - 30 Jun 88).

Block 4. Title and Subtitle. A titleistaken from
the part of the report that provides the most
meaningful and complete information. When a
report is prepared in more than one volume,
repeat the primary title, add volume number, and
inctyde subtitle for the specific volume. On

in parentheses.

Block 5. Funding Numbers. Toinclude contract
and grant numoers; may inciude program
element number(s), orojec: numper(s), task
number(s), and work unit numoer(s;. Use the
following labels:

C - Contract PF - FProject

G - Grant TA - Task

PE - Program WU - Work Unit
Element Accession No.

Block 6. Authorfs). Name(s) of nerson(s)
responsible for writing tne report, performing
the research, or creditea wi<h tne content of the
report. If editor or computer, tris snoutd foliow
the name(s).

Block 7. Performing Organizztion Name(s) and
Address(es). Self-explanatory

Block 8. Performing Oraanization Report
Number. Enter the uniaue alchanumeric report
number(s) assigned by the organization
performing the repor:.

Block 9. Sponsorina/Monitoring Acency Name(s)
and Address(es). Self-exclanatory.

Block 10. Sponsorina/Monitoring Acency
Report Number. (If known)

Block 11. Suppiementarv Notes. Enter
information notincluded eisewhere such as:
Prepared in cooperation wits. ; Trans. of...: To pe
published in.... When areportis revised, include
astatement whether the new report supeﬁedes
or supplements tne oider repor-

Block 12a. D -:ribution/Availability Statement.
Denotes public availability or limitations. Cite any
availability to the public. Enter additional
limitations or special markings in all capitals (e.g.
NOFORN, REL, ITAR).

DOD - See DoDD 5230.24, "Distribution
Statements on Technical
Documents.”

DOE - See authorities.

NASA - See Handbook NHB 2200.2.

NTIS - Leave blank.

Block 12b. Distribution Code.

DOD - Leave blank.

DOE - E=nter DOE distribution categories
from the Standard Distribution for
Unclassified Scientific and Technical
Reports.

NASA - Leave blank.

“TIS - Leave blank. H

Block 12. Abstrzct. Include a brief (Maximum

200 words) factual summary of the mos:
significant information containec ir the repor:.

Block 14. Subiec: Terms. Keyworas or pnrases
identifying majcr subjects in the repor.

Block 15. Numper of Pages. Entertne total
numper o7 pages.

Block 16. Price Cooe. Enter approoriate price
code (NTIS only}.

Blocks 17.-1¢. Security Classifications. Self-
explanatory. Enter U.S. Security Classification in
accordance with U.S. Security Regulations (i.e.,
UNCLASSIFIED). If form contains classified
informatior, stamp classification on the top and
bottom of tne page.

Block 20. Limitatior of Abstract. This block must
be complezed to assign a limitation to the
aostract. Inter sither UL (uniimited) or SAR (same
as report). An ertry in this biock is necessary if
tne abstrac: is 1o oe limited. If blank, tne abstrace

15 assumec 10 D2 Jniimitea.

o i e oaes

"o rar——

313m320s Soe= 292 3ace fPo. 2.2



ABSTRACT

The report documents work carried out over the period 31 July 1996 to 31 December
1997 on a Multi-University Research Initiative (MURI) program under Office of Naval
Research (ONR) sponsorship. The program couples transducer materials research in the
Materials Research Laboratory (MRL), design and testing studies in the Applied Research
Laboratory (ARL) and vibration and flow noise control in the Center for Acoustics and
Vibration (CAV) at Penn State.

The overarching project objective is the development of acoustic transduction
materials and devices of direct relevance to Navy needs and with application in commercial
products. The initial focus of studies is upon high performance sensors and high authority
high strain actuators. This objective also carries the need for new materials, new device
designs, improved drive and control strategies and a continuing emphasis upon reliability
under a wide range of operating conditions.

In Material Studies, undoubtedly major breakthroughs have occurred in the ultra-
high strain relaxor ferroelectric systems. Earlier reports of unusual piezoelectric activity in
single crystal perovskite relaxors have been amply confirmed in the lead zinc niobate : lead
titanate, and lead magnesium niobate : lead titanate systems for compositions of
rhombohedral symmetry close to the Morphotropic Phase Boundary (MPB) in these solid
solutions. Analysis of the unique properties of 001 field poled rhombohedral ferroelectric
crystals suggests new intrinsic mechanisms for high strain and carries the first hints of how to
move from lead based compositions. A major discovery of comparable importance is a new
mode of processing to convert PVDF:TIFE copolymer piezoelectric into a relaxor
ferroelectric in which electrostrictive strains of 4% have been demonstrated at high fields.
Both single crystal and polymer relaxors appear to offer energy densities almost order of
magnitude larger than in earlier polycrystal ceramic actuators.

Transducer Studies have continued to exploit the excellent sensitivity and remarkable
versatility of the cymbal type flextensional element. Initial studies of a small cymbal arrays
show excellent promise in both send and receive modes, and larger arrays are now under
construction for tests at ARL. New studies in constrained layer vibration damping and in flow
noise reduction are yielding exciting new results.

In Actuator Studies, an important advance in piezoelectric generated noise control
now permits wider use of acoustic emission as a reliability diagnostic technique. Joint studies
with NRL, Washington have developed a completely new d, 5 driven torsional actuator and the
CAV program element has designed an exciting high strain high force inchworm.

Finite element analysis continues to be an important tool for understanding the more
complex composite structures and their beam forming capability in water. Thin and Thick
Thin Film Studies are gearing up to provide the material base for micro-tonpilz arrays. New
exploitation of ultra sensitive strain and permittivity measurements is providing the first
reliable data of electrostriction in simple solids, and suggesting new modes for separating the
polarizability contributors in dielectrics and electrostrictors.
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ABSTRACT

The report documents work carried out over the period 31 July 1996 to 31 December
1997 on a Multi-University Research Initiative (MURI) program under Office of Naval
Research (ONR) sponsorship. The program couples transducer materials research in the
Materials Research Laboratory (MRL), design and testing studies in the Applied Research
Laboratory (ARL) and vibration and flow noise control in the Center for Acoustics and
Vibration (CAV) at Penn State.

The overarching project objective is the development of acoustic transduction
materials and devices of direct relevance to Navy needs and with application in commercial
products. The initial focus of studies is upon high performance sensors and high authority
high strain actuators. This objective also carries the need for new materials, new device
designs, improved drive and control strategies and a continuing emphasis upon reliability
under a wide range of operating conditions.

In Material Studies, undoubtedly major breakthroughs have occurred in the ultra-
high strain relaxor ferroelectric systems. Earlier reports of unusual piezoelectric activity in
single crystal perovskite relaxors have been amply confirmed in the lead zinc niobate : lead
titanate, and lead magnesium niobate : lead titanate systems for compositions of
rhombohedral symmetry close to the Morphotropic Phase Boundary (MPB) in these solid
solutions. Analysis of the unique properties of 001 field poled rhombohedral ferroelectric
crystals suggests new intrinsic mechanisms for high strain and carries the first hints of how to
move from lead based compositions. A major discovery of comparable importance is a new
mode of processing to convert PVDF.TTFE copolymer piezoelectric into a relaxor
ferroelectric in which electrostrictive strains of 4% have been demonstrated at high fields.
Both single crystal and polymer relaxors appear to offer energy densities almost order of
magnitude larger than in earlier polycrystal ceramic actuators.

Transducer Studies have continued to exploit the excellent sensitivity and remarkable
versatility of the cymbal type flextensional element. Initial studies of a small cymbal arrays
show excellent promise in both send and receive modes, and larger arrays are now under
construction for tests at ARL. New studies in constrained layer vibration damping and in flow
noise reduction are yielding exciting new results.

In Actuator Studies, an important advance in piezoelectric generated noise control
now permits wider use of acoustic emission as a reliability diagnostic technique. Joint studies
with NRL, Washington have developed a completely new d, 5 driven torsional actuator and the
CAV program element has designed an exciting high strain high force inchworm.

Finite element analysis continues to be an important too! for understanding the more
complex composite structures and their beam forming capability in water. Thin and Thick
Thin Film Studies are gearing up to provide the material base for micro-tonpilz arrays. New
exploitation of ultra sensitive strain and permittivity measurements is providing the first
reliable data of electrostriction in simple solids, and suggesting new modes for separating the
polarizability contributors in dielectrics and electrostrictors.
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INTRODUCTION

This report delineates the research performed over the period of 31 July 1996 to
31 December 1997 on an MURI under Office of Naval Research contract N00014-96-1-
1173 on the topic “Acoustic Transduction: Materials and Devices.” The program brings
together activities in the Materials Research Laboratory (MRL), the Applied Research
Laboratory (ARL), and the Center for Acoustic and Vibration (CAV) at Penn State. Principal
Investigator on the program is Professor Kenji Uchino, Professor of Electrical Engineering at
Penn State and the Program Officer in ONR is Dr. Scott Littlefield.

The overarching project objective is the development of acoustic transduction
materials and devices of direct relevance to Navy needs and with application in commercial
products. The initial focus is upon high performance sensors and high authority high strain
actuators. This however also carries the need for new materials, new device designs, improved
drive and control strategies and a continuing emphasis upon reliability under a wide range of
use conditions.

In the original proposal, the topics to be studied were divided into:

MATERIAL STUDIES A.S. Bhalla
COMPOSITE SYSTEMS R.E. Newnham
DEVICE STRUCTURES T.R. Shrout
MODELLING W. Cao
DEVICE FABRICATION and TESTING W.J. Hughes
AIR ACOUSTICS and STEP and REPEAT SYSTEMS G. Lesieutre

Following long established precedent, the report will draw upon published results
which will be connected by a brief narrative summary to highlight the major achievements.
For convenience the work will be presented under:

1.0  GENERAL SUMMARY PAPERS
2.0 MATERIALS STUDIES
2.1 Polycrystal Perovskite Ceramics
2.2 Relaxor Ferroelectric Single Crystal Systems
2.3 New High Strain Polymer Materials
3.0 TRANSDUCER STUDIES
3.1 Cymbal : Moonie : BB Composites
3.2  Frequency Agile Transducers
33 3-D Acoustic Intensity Probes
4.0 ACTUATOR STUDIES
4.1 Materials : Designs : Reliability
4.2  Photostrictive Actuators
4.3  New Torsional Amplifier/Actuators
4.4  High Force Amplifiers and Inchworms
5.0 MODELING and CHARACTERIZATION
5.1 Finite Element Methods
5.2 Relaxor Ferroelectrics ,
5.3  Thin and Thick Thin Films
5.4  Domain Studies
5.5 Electrostriction
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In the General Summary Papers, the senior faculty continue to discharge their
responsibility as educators updating and explaining the general background topics
piezoelectricity, smart material systems, and the status of electroceramic R&D in the US vs
Japan.

Materials Studies in polycrystal perovskite ceramics have focused upon ultra soft
systems, where the whole poling strain may be utilized at low frequency, and upon
antiferroelectric : ferroelectric switching compositions. Undoubtedly however the major
breakthroughs have occurred in ultra-high strain relaxor ferroelectric systems. Current studies
have amply confirmed the massive strain, blocking force, and exceptional energy density in
the relaxor perovskite single crystals. A major new discovery of comparable importance has
been a new mode of processing to convert PVDF:TrFE copolymer piezoelectric into a relaxor
ferroelectric in which electrostrictive strains up to 4% can be induced at high fields. Both
single crystal and polymer relaxors appear to offer energy densities almost order of
magnitude higher than in earlier actuator materials.

Transducer Studies have continued to underscore the excellent sensitivity and
remarkable versatility of the cymbal type flextensional elements. Initial testing of a 3 x 3
cymbal array shows excellent promise is both send and receive modes in water, and a larger
array is under construction.

New work in vibration absorption has demonstrated the advantage of agile, lightly
damped resonant absorbers. Segmented active constrained layer damping is shown to be
more robust than a single active layer, and studies of an axially constrained beam raise
interesting questions in the definition of piezoelectric coupling coefficient.

Noise control studies demonstrate a significant advantage for a hot wire anemometer :
microphone combination with suitable feedback to quiet flow noise. Continuing the
educational role, a software generated virtual sound level meter is discussed for hands on
student analysis of acoustic signals.

Actuator Studies explore acoustic emission as a tool in reliability assessment,
photostriction in both bulk and thin films. In single crystals a possible model for the very
high coupling is proposed. Joint studies with NRL have evolved a completely new type of d;s
driven torsional amplifier/actuator. A new design of high force piezoelectric inchworm is
presented and rotary motors are discussed for a very wide range of scales down to 3 mm
diameter.

Finite element models are developed for 1:3 and 2:2 composites and beam forming
characteristics explored. Thick and thin film systems are discussed, and very rapid change
release documented for backswitching square loop antiferroelectrics. Electrostriction is the
basic driving force in all perovskite piezoelectrics. Using new ultra-sensitive measuring
techniques it has been possible for the first time to determine quantitatively the
electrostriction constants for simple low permittivity glasses and ceramics.

1.0 GENERAL SUMMARY PAPERS

“Piezoelectricity” by Yukio Ito and Kenji Uchino is an encyclopedia article covering
the History Properties and Applications of Ceramic Piezoelectrics (1). A very useful
discussion of molecular mechanisms in smart materials is presented by R.E. Newnham, which
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is an edited version of his David Turnbull Lecture in MRS (2). Electroceramics research and
development in the US and Japan (3) gives a very clear summary of patent history, ongoing
interests and future prospects across this whole field.

2.0 MATERIALS STUDIES
2.1 Polycrystal Ceramics

Lead indium niobate : lead titanate (PIN:PT) is a solid solution system embracing a
morphotropic boundary at the 62 mole% PIN composition. MPB composition yield soft
piezoelectrics with d3; ~ 395 pC/N, d3; - 175 pC/N and P, ~ 35 uc/cm2 (4). In the lead
scandium niobate : lead titanate system it is possible to develop ultra-soft compositions with
S3~ 0.4% and narrow hysteresis (5). A very interesting family of papers (6,7,8,9,10,11)
follow the polarization and strain generating mechanisms in the lead magnesium niobate
system in detail. The role of the heterogeneous structure of nano-polar regions is clearly
expounded, the changing volume of the polar phase is quantified for the first time, and the
very strong influence of the volume conserving polarization changes in this heterogeneous
structure properly expounded.

The effects of ‘donor’ and ‘acceptor’ dopants in the PZT:Pb(Y,;W,,;)O; ceramics at
the 0.02 Pb(Y,;W,;3)O; composition have been examined (12) showing a beneficial effect
from donor dopants without significant degradation of Q. Exploration of grain size effects in
soft PZT show that ceramics with average grain size down to 1 pm can be produced (13) with
negligible degradation of piezoelectric properties, but much enhanced mechanical properties.
For the torsional mode actuator discussed later, it is important to know the behavior of d,s at
higher E fields and the compositions which will permit maximum induced strain (14). Papers
(15, 16, 17, 18, 19) deal with aspects of the behavior of phase switching antiferroelectric :
ferroelectric lead zirconate titanate stannate compositions. The behaviors are most interesting
and unusual in that both antiferroelectric and ferroelectric phases have different ferroelastic
domain structures which respond to elastic stress fields. This lead to an uncoupling of
polarization and strain switching (15) and the “strange” effect that the field induced uniaxial
strain is larger under compressive stress than in the unstressed state (18). Dopants can be used
to control the temperature dependence of the switching (16) and isovalent substituents used to
modify the hysteresis between forward (AF — F) and backward (F — AF) switching.(17)
Grain size reduction enhances mechanical strength (19) without degrading of electrical
properties, provided final sintering is carried out above 1000°C.

2.2 Relaxor Ferroelectric Single Crystal Systems

The first ‘popular’ announcement of the massive piezoelectric response in the relaxor
single crystals of the lead zinc niobate : lead titanate system was in Science (20) composed by
that magazine’s science writers. A more balanced account (21) gives a proper comparison
with earlier polycrystal systems, emphasizing the unique character of the 001 field poled
rhombohedral state for compositions close to the morphotropic phase boundary (MPB). The
behavior is confirmed (22) with coupling coefficients k;; up to 0.94 and maximum S; strain
of order 1.7%. A simple model is also proposed to account for the unusual anhysteritic strain
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behavior. A wider range of possible relaxor based MPB compositions are proposed (23) with
higher Curie temperatures, and the large property values further confirmed (24).

Effects of flux growth conditions on realized properties are discussed (25) which
highlights the difficulty of annealing the crystals which are in the metastable perovskite form.
Relaxor type behavior is confirmed by domain studies (26) which reveal the expected micro-
to-macro domain induction by electric field in zero field cooled crystals and reveals the
persistent static domain structure in 001 poled sections of the rhombohedral symmetry.
Probably the first area of application for the single crystal will be in medical ultrasound (27).
The possible major advantages associated with the large permittivity and exceptional coupling
coefficient k;; are discussed (28) and an intercomparison with soft PZT given (29).

2.3 High Strain Polymer Electrostrictors

Here-to-fore the Ferroelectrics group at Penn State has been focused on inorganic
ceramic piezoelectrics, with polymers treated as a passive phase for composites. Reports of
very large (5%) field induced strains in polyurethane elastomers and our major interests in
electrostriction kindled a new interest. In cooperation with NRL Orlando, work was initiated to
sort out “true” electrostriction from the compressive effects of Maxwell Stress in soft
segmented polyurethane elastomers (30). Below the glass transition temperature, only 10% of
strain is from Maxwell stress, however at 40°C between 35 and 50% of strain in these soft
polymers is Maxwell stress. Enhanced response in thin film urethanes is measured (31) and
explained on the basis of a charge injection/space charge model. A novel conductive polymer
(poly pyrrole) electrode is developed in (32) and shown to have excellent compatibility with
the urethane and electrical properties at low frequency equivalent to metal electrodes.

A major breakthrough in current work has been an electron irradiation treatment for
the polyvinylidene fluoride-trifluoroethylene copolymer (33) which converts the system to a
relaxor ferroelectric. Properties achieved are startlingly similar to lead magnesium niobate,
with strong dispersion of the dielectric permittivity following Vogel Fulcher Law, anhysteretic
response, recovering hysteresis at low temperature and massive electrostriction with strains up
t0 4% at high field levels. Clearly a most exciting development for sensor and actuator
systems

3.0 TRANSDUCER STUDIES
3.1 Cymbal, Moonie, and BB Composites

Composite Studies at the MRL are reviewed (34) and the more general composite
scene reviewed.(35) The focus is narrowed to piezoelectric systems (36) and specifically to
the flextensional systems (37). Significantly more detail for the cymbal geometry is given in
(38) which used finite element analysis and experimental verification to demonstrate the
advantage of this geometry. The advantages are further underscored in (39) which compares
the salient characteristics of multilayers, bimorphs, rainbows, cymbals, and moonies. The
resonant characteristics of the cymbal are analyzed by finite element methods (40) and
compare well with experiment. The versatility of the system is highlighted by experiments
with two different end cap metals, and different end cap geometries, which clearly
demonstrate the capability to sustain two largely uncoupled resonance frequencies.(41)
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Cymbal resonant mode analysis by FEM is further delineated in (42) which calculates mode
shapes resonant frequencies and admittance spectra in excellent agreement with measured
properties.

Characteristics for a simple 3 x 3 cymbal array as a shallow water larger area
transducer are discussed (43) and shown to be competitive with the more widely used tonpilz.
Preliminary examination of the hollow mini-sphere PZT BBs as a focused ultrasound
transducer are presented in (44) showing center frequency at 48 MHz, bandwidth 22% and
insertion loss- 44 dB. A detailed discussion of the preparation, characterization, electroding
and performance of the hollow sphere Bbs is given in (45). Piezoceramics for high frequency
single element imaging transducers are discussed in (46) using both PZT and modified lead
titanate. In each case except where cable impedance is dominant there is performance benefit
from electrical matching.

3.2 Frequency Agile Transducers

In piezoelectric resonant vibration damping, maximum effect at a single frequency
can be achieved by a lightly damped piezoelectric resonator. An interesting scheme for active
tuning using parallel shunt capacitance has been demonstrated (47) with an average
improvement of 10 dB across the tuning range as compared to a simple passive system. Both
capacitative and resistive shunting methods are discussed in (48). A new model treatment has
been developed for segmented constrained layer damping using frequency dependent
viscoelastic media, and shown to be more robust then a single continuous active constrained
layer (49). Damping of rotocraft blades is considered in (50) which makes a strong case for
distributed discrete tuned absorbers. The influence of destabilizing mechanical pre-loads on
flexural beam resonance are considered in (51) and the question posed as to whether the
effective coupling coefficient of such a system may exceed that of a driving piezoelectric.

3.3 3-D Acoustic Intensity Probes

For active noise control on intriguing approach for reducing axial flow fan noise uses
the fan blades as the coupling diaphragm for the noise canceling loudspeaker (52). To
explore sound fields in low flow noise environments, a hot wire anemometer: microphone
combination (hot-mic) with suitable feedback is considered (53) and shown to permit of
order 20 dB reduction in flow noise at frequencies below 100 Hz, without perturbing the
measured sound field. Verification of the performance of such a combination is given in (54)
using adaptive filtering of the hot-wire signal in subtraction from the microphone output. The
educational role is taken up in (55) where a software generated virtual sound-level meter is
described which can have broad application for “hands-on” student analysis of acoustic
signals. )

4.0 ACTUATOR STUDIES
4.1 Materials : Designs : Reliability Issues

Trends in piezoelectric ceramic actuator materials, actuator designs, drive and control
techniques, device design and application are discussed in (56). Materials issues are further
reviewed in (57) but now from the perspective of device design and driving methods. Shape
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memory possibilities in ceramic systems are discussed in (58) based on the antiferroelectric :
ferroelectric phase switching materials. Acoustic emission as a diagnostic technique for
actuator reliability has taken a great leap forward with the discovery and isolation of spurious
power supply induced ‘vibrational’ noise (59). It now begins to be possible to explore the
role of domain switching in acoustic emission (60), and the possible use of AE for damage
assessment is now realized (61). The complex of reliability issues for multilayer systems is
discussed in (62) for both actuators and motors.

4.2 Photostrictive Actuation

Optical driving of displacement using the photovoltaic effect in ferroelectrics is
examined in (63) showing nonlinear behavior as a function of sample thickness and
illumination intensity. Corresponding photostriction driven by the photovoltage is reviewed in
(64) for WO, doped PZTs. Studies of the effect of sample thickness for this ceramic suggest
an optimum at ~32 mm. The advantage of sol-gel synthesized ceramics in the same WO,
doped system is demonstrated in (65) and further examined in (66) which considers grain
size, homogeneity and high density as the critical parameters. Optical actuation of unimorph
structures is discussed in (67) and potential advantages of a highly flexible polymeric
substrate hypothesized.

4.3 New Torsional Amplifier/Actuator

In cooperation with NRL, a completely new concept has been developed for a
torsional actuator/amplifier driven by the piezoelectric d,s (68). Amplification is developed
by using the shear mode actuator as a segment in a cylinder forcing the shear to rotate the
tube and giving an amplification I/r where r is the radius and [ the length of the tube. Unlike
most amplifiers, because increased length encompasses more drive ceramic the gain is not at
the expense of torque.

Study of d;s at higher drive levels reveals a strong positive nonlinearity, which is of
fundamental interest (14) but also vastly beneficial to the torque capability (69).

4.4 High Force Amplifiers and Inchworms

High power level characterization of piezoceramics is discussed in (70) which
explores the limitations and advantages of constant voltage , constant current and pulsed
excitation of resonance. Ultra high coupling in the lead zinc niobate: lead titante single
crystal is examined in (71) and possible explanations for the unusual properties of 001 poled
rhombohedral compositions explored. The potentiality of the single crystal materials for
actuator application is emphasized in (72) which show energy densities 5x that available in
PZT or PMN polycrystals.

Design and testing of a high authority PZT cofired multilayer actuator and frame
structures is discussed in (73) the system permits direct measurement of both electrical input
and mechanical output power. The system is as expected most efficient when the mechanical
impedance is matched to the corresponding mechanical load. The design, calibration and
performance of a new type of surface probe to measure acceleration and acoustic pressure is
discussed in (74). The device uses commercial accelerometer and microphone components,
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chosen for low mass and low phase shifts. A most interesting high strain, high force
inchworm, is described in (75, 76, 77) which permits speeds of order 1 cm/sec dynamic force
in excess of SON and a clamped holding force greater than 200 N.

Piezoelectric Ultrasonic motors are reviewed in (78). Both standing wave and traveling
wave rotary and linear motors are considered and characteristics compared to electromagnetic
motors. Very compact ultrasonic motors are described in (79).

5.0 MODELING and CHARACTERIZATION STUDIES
5.1 Finite Element and Modeling Methods

The finite element methods have proven most useful in the analysis of complex
composite structures. Resonant modes in moonies and cymbals (38) thickness mode
resonances in 2-2 connected piezoceramic/polymer systems (80) where both mode structures
and beam pattern in water can be traced (81). The FEM is always in competition with direct
analysis which can be applied to the regular 2:2 geometry (82) and can even calculate the
interactions with a matching layer for a water load (83). Model methods have also been
applied to the resonant modes and losses in 1:3 composites where the mechanical Q of the
ceramic plays the major role (84).

5.2 Relaxor Ferroelectrics

The diffuse phase transition and relaxor character is discussed on the basis of Landau
theory for the local polar regions (85). In (86) a similar treatment is applied to a ferroelectric
multilayer of ultra-thin layers indicating the possibility of enhanced dielectric response over a
broadened temperature range. For the PZT system (87) Landau Devonshire theory has been
applied to explore orientation dependence of the intrinsic dielectric and piezoelectric
response. Interestingly the maximum response in the rhombohedral phase is for fields 57° to
the polar axis suggesting that in thin films, the 001 orientation in the rhombohedral phase
may be most effective.

5.3 Thin and Thick Thin Films

Current status of research on integrated ferroelectric thin films is summarized in (88)
which discusses perovskite, bismuth oxide layer structure and ‘relaxor’ ferroelectrics. It has
often been postulated that thin film antiferroelectric could make excellent capacitors and
transducers if bulk type switching could be preserved. For lead lanthanum zirconate titanate
stannate (89) demonstrates that square loop character is preserved in films down to 0.4 pm
thick, and that rapid charge release ~10 n sec is possible from the F — AF transition.
Techniques for sol-gel deposition of the PLSnZT films are discussed in (90). Both “square”
are “slanted loop” compositions have been developed and shown to produce switchable S,
strain up to 0.4% (91).

5.4  Domain Studies

Direct observation of 180° domain structures in LiTaO, single crystals, without
etching or surface coating has been demonstrated using an environmental scanning electron
microscope, which avoids surface charging effects (92). Detailed observation of ferroelastic
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domains in hard and soft PZT ceramics suggest that the bulk domain configuration can be
‘frozen’ in thin section. It is shown that the accepted parabolic law for ferroelastic domain
wall separation is only valid for grain size in the range 1-10 um, and that at lower sizes below
1 um the exponent is smaller than 1/2 (93). Scanning force microscopy using both contact
and noncontact modes has been used to study dielectric ferroelectric and piezoelectric
properties of ferroelectric films (94). The technique appears to offer scope for identifying
small inclusion of second phase, polarization hysteresis from nano scale regions, with both
piezoelectric and dielectric permittivity information.

5.5  Electrostriction

Electrostriction is probably the most important elasto-electric coupling parameter, yet
until the measurements at Penn State no reliable data were available in the literature for simple
low permittivity solids. Recent measurements (95) using both ultradilatometry (direct) and
precision compressometry (converse) effects have filled the gap with completely reliable data.

It is surprising to see the enormous range of the polarization related hydrostatic
electrostriction constants, ranging from 0.006 m*c? in relaxor ferroelectrics, to over
850 m*/c? in elastomeric polymers almost six orders of magnitude (96). For glass systems the
behavior is frequency dependent in the alkali silicates, but almost frequency independent in
pure silica glass (97). Preliminary data suggest that electrostriction (as we have shown in the
relaxors) may be a very effective tool for probing the different polarizability mechanisms in
dielectric systems.

6.0 GRADUATE STUDENTS IN THE PROGRAM

Student Supervisor

E. Alberta A.S. Bhalla

D. Van Tol W.J. Hughes
P. Bednarchik W.J. Hughes
N.W. Lesyna G. Koopmann
E.W. Constans G. Koopmann
M. Yang G. Koopmann
J. McConnell G.C. Lauchle
J. Wang G.C. Lauchle
D.E. Capone G.C. Lauchle
K. Bastyr G.C. Lauchle
J. Tressler (Graduated, PhD, Nov. 1997). R.E. Newnham
J. Zhang R.E. Newnham
Y.-H. Chen K. Uchino

X. Dong Q.M. Zhang
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7.0 HONORS and AWARDS

Bhalla, A., Editor, J. Ferroelectric Review (1998).

Cross, L.E., Dow Lecture, Northwest University (November 1997).

Lauchle, G.C., elected to Board of Directors, Inst. for Noise Control Engineers (1997-2000).

Koopmann, G., Distinguished Professor of Mechanical Engineering (January 1998).

Koopmann, G., Senior Member of AIAA (April 1998).

Newnham, R.E., 1997 Buessem Award, Center for Dielectrics Studies, Penn State
(November 19, 1997).

Newnham, R.E., Materials Science and Engineering Service Award, Penn State University
(December 11, 1997).

Newnham, R.E., Distinguished Life Member, American Ceramic Society (May 6, 1997).

Uchino, K., Fellow, American Ceramic Society (December 1997).
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1. Alberta, A. and A. Bhalla, “Piezoelectric Properties of Lead Indium Niobate:Lead
Titanate Solid Solution Ceramics,” J. Korean Phys. Soc. 32, 1265-1267 (1998).

2. Jin, BM, R. Guo, and A.S. Bhalla, “Piezoelectric Properties and Equivalent Circuits of
Ferroelectric Relaxor Single Crystals, “Ferroelectrics 195 (1-4), 73-76 (1997).

3. Guo, R, H.T. Evans, Jr.,, and A.S. Bhalla, “Crystal Structure Analysis and Polarization
Mechanisms of Ferroelectric Tetragonal Tungsten Bronze Lead Barium Niobate,”
Ferroelectrics 206-207, 123-132 (1998).

4. Siny, .G, R. Tao, R.S. Katiyar, R. Guo, and A.S. Bhalla, “Raman Spectroscopy of Mg-
Ta Order-Disorder in BaMg,;Ta,;305,” J. Phys. Chem. Solids 59, 181-195 (1998).

5. Giniewicz, J.R., A.S. Bhalla, and L.E. Cross, “Identification of the Morphotropic Phase
Boundary in the Lead Scandium Tantalate: Lead Titanate Solid Solution System,”
J. Mater. Sci. 32, 2249-2253 (1997).

6. Jin, BM, R. Guo, A.S. Bhalla, and S.C. Kim, “Piezoelectric Properties and Equivalent
circuits of Ferroelectric Relaxor Single Crystals,” J. Materials Science 32(8), 2055-
2058 (1997).

7. Jin, B.M,, R. Guo, and A.S. Bhalla, “Piezoelectric Properties and Equivalent Circuits of
Ferroelectroc Relaxor Single Crystals,” Ferroelectrics 195(1-4), 73-76 (1997).

8. Yoon, S.J., A. Joshi and K. Uchino, “Effect of Additives on the Electromechanical
Properties of Pb(Zr,Ti)O3-Pb(Y,,;W,,;)0;,” J. Amer. Ceram. Soc. 80(4), 1035-39
(1997).

9. Dogan, A, K. Uchino and R.E. Newnham, “Composite Piezoelectric Transducer with
Truncated Conical Endcaps ‘Cymbal’,” IEEE Trans. UFFC 44(3), 597-605
(1997).

10. Poosanaas, P., A. Dogan, A.V. Prasadarao, S. Komarneni, and K. Uchino,
“Photostriction of Sol-Gel Processed PLZT Ceramics,” J. Electroceramics 1, 105-
111 (1997).

11. Mulvihill, M.L., L.E. Cross, W. Cao, and K. Uchino, “Domain-Related Phase Transition
like Behavior in Lead Zinc Niobate Relaxor Ferroelectric Single Crystals,” J. Amer.
Ceram. Soc. 80(6), 1462-68 (1997).

12. Du, X.H,, U. Belegundu, and K. Uchino, “ Crystal Orientation Dependence of
Piezoelectric Properties in Lead Zirconate Titanate: Theoretical Expectation for
Thin Films,” Jpn. J. Appl. Phys. 36(9A), 5580-5587 (1997).
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25.
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27.
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Aburatani, H., J.P. Witham, and K. Uchino, “Acoustic Emission in Lead Zirconate
Titanate PLZT(18/40/60) Ceramics with Small Electrostriction,” Jpn. J. Appl. Phys.
36(pt. 1, No.11), 6829-6831 (1998).

Aburatani, H. and K. Uchino, “A Study of Acoustic Emission in Piezoelectric Multilayer
Ceramic Actuator,” Jpn. J. Appl. Phys. 37(pt. 1, No. 1), 204-209 (1998).

Uchino, K., “High Electromechanical Coupling Piezoelectrics - How . .igh Energy
Conversion Rate is Possible?-,” Mat. Res. Soc. Symp. Proc. 459, p.3-14 (1997).

Aburatani, H. and K. Uchino, “The Application of Acoustic Emission (AE) Method for
Ferroelectric Devices and Materials,” Proc. 8th US-Japan Seminar on Dielectrics,
Boston, p.28-31 (1997).

Uchino, K., “Compact Piezoelectric Ultrasonic Motors,” J. Med. Ultrasonics 24(9),
1191-92 (1997).

Zhang, Q.M,, J. Zhao, K. Uchino, and J. Zheng, “Change of Weak Field Properties of
Pb(ZrTi)O, Piezoceramics with Compressive Uniaxial Stresses and Its Links to the
Effect of Dopants on the Stability of the Polarization in the Materials,” J. Mater.
Res. 12, 226 (1997).

Zhang, Q.M.,, J. Zhao, and T.R. Shrout, “The Effect of Ferroelastic Coupling in
Controlling the Abnormal Aging Behavior in Lead Magnesium Niobate-Lead
Titante Relaxor Ferroelectrics,” J. Mater. Res. 12, 1777 ( 1997).

Zhang, Q.M. J. Sy, C. Kim, R. Ting, and R. Cappas, “An Experimental Investigation of
Electromechanical Responses in a Polyurethane Elastomer,” J. Appl. Phys. 81,
2770 (1997).

Geng, X., and Q.M. Zhang, “Evaluation of Piezocomposites for Ultrasonic Transducer
Applications-Influence of the Unit Cell Dimensions and the Properties of
Constituents on the Performance of 2-2 Piezocomposites,” IEEE Trans. 44, 857
(1997).

Su, J., Q.M. Zhang, C.H. Kim, R. Ting, and R. Capps, “Effects of Transitional
Phenomena on the Electric Field Induced Strain Response of a Segmented
Polyurethane Elastomer,” J. Appl. Polym. Sci. 65, 1363 (1997).

Mueller, V. and Q.M. Zhang, “Threshold of Irreversible Domain Wall Motion in Soft
PZT-Piezoceramic,” Ferroelectrics (1997).

Su, J., Q.M. Zhang, and R.Y. Ting, “Space Charge Enhanced Electromechanical
Response in Thin Film Polyurethane Elastomers,” Appl. Phys. Lett. 71, 386
(1997).

Zhang, QM. and J. Zhao, “Polarization Responses of Lead Magnesium Niobate Based
Relaxor Ferroelectrics,” Appl. Phys. Lett. 71, 1649 (1997).

Zhang, Q.M. and X. Geng, “Acoustic Properties of the Interface of a Uniform Medium
2-2 Piezocomposite and the Field Distributions in the Composite,” Jpn. J. Appl.
Phys. 36, 65 (1997).

You, H. and Q.M. Zhang, “A Diffuse X-ray Scattering Study of Lead-Magnesium-
Niobate Single Crystals,” Phys. Rev. Lett. 79, 3950 (1997).

Park, S.-E. and T.R. Shrout, “Ultrahigh Strain and Piezoelectric Behavior in Relaxor
Based Ferroelectric Single Crystals,” J. Appl. Phys. 82(4), 1804-1811 (1997).

Park, S.-E. and M.-J. Pan, K. Markowski, S. Yoshikawa, and L.E. Cross, “E-Field
Induced Phase Transition of Antiferroelectric Lead Lanthanum Zirconate Titanate
Stannate (PLZTS) Ceramics,” J. Appl. Phys. 82(4), 17980-1803 (1997).
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Park, S.-E. and T.R. Shrout, “Characteristics of Relaxor-Based Piezoelectric Single
Crystals for Ultrasonic Transducers,” IEEE Trans. on Ultrasonics, Ferroelectric and
Frequency Control Special Issue on Ultrasonic Transducers 44(5), 1140-1147
(1997).

Park, S.-E. and T.R. Shrout, “Relaxor Based Ferroelectric Single Crystals for Electro-
Mechanical Actuators,” Materials Research Innovations 1, 20-25 (1997).

Park, S.-E., M.L. Mulvihill, G. Risch, and T.R. Shrout, “The Effect of Growth Condition
on Dielectric Properties of Pb(Zn,;;Nb,,;)O; Crystal,” Jpn. J. Appl. Phys. 36(pt. 1,
No. 3), 1154-1158 (1997).

Zavala, G., J.H. Fendler, and S. Trolier-McKinstry, “Characterization of Ferroelectric
Lead Zirconate Titanate Films by Scanning Force Microscopy,” J. Appl. Phys.
81(11), 7480-7491 (1997).

Cross, L.E. and S. Trolier-McKinstry, “Thin Film Integrated Ferroelectrics,” Encycl.
Appl. Phys. 21, 429-451 (1997).

Trolier-McKinstry, S., G.R. Fox, A. Kholkin, C.A.P. Muller, and N. Setter, “Optical
Fibers with Patterned ZnO/Electrode Coatings for Flexural Actuators,” MRS Proc.
459: Materials for Smart Systems, 189-194 (1997).

Shepard, Jr., J.F., P.J. Moses, and S. Trolier-McKinstry, “A Technique for the
Measurement of d;; Coefficient of Piezoelectric Thin Films,” MRS Proc. 459:
Materials for Smart Systems II, 225-230 (1997).

Shepard, Jr., J.F., S. Trolier-McKinstry, M. Hendrickson, and R. Zeto, “The Effects of
Biaxial Stress on the Ferroelectric Characteristics of PZT Thin Films,” MRS Proc.
459: Materials for Smart Systems II, 47-52 (1997).

Lacey, J.L. and S. Trolier-McKinstry, “Hard and Soft Composition Lead Zirconate
Titanate Thin Films Deposited by Pulsed Laser Deposition,” MRS Proc. 459:
Materials for Smart Systems II, 207-212 (1997).

Li, S, J.A. Eastman, R.E. Newnham ,and L.E. Cross, “Diffuse Phase Transition in
Ferroelectrics with Mesoscopic Heterogeneity: Mean Field Theory,” Phys. Rev. B
55(18), 1-12 (1997).

Li, S., J.A. Eastman, J.M. Vertrone, R.E. Newnham, and L.E. Cross, “Dielectric
Response in Ferroelectric Superlattices, Philosophical Mag. B 76(1), 47-57 (1997).

Dogan, A., K. Uchino, and R.E. Newnham, “Composite Piezoelectric Transducer with
Truncated Conical Endcaps ‘Cymbal’,” IEEE Trans. on Ultrasonics,
Ferroelectrics, and Frequency Control 44(3), 597-605 (1997).

Tressler, J.F., and R.E. Newnham. “Doubly Resonant Cymbal-Type Transducers,” IEEE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control 44(5), 1175-77
(September, 1997). ,

Alkoy, S., A. Dogan, A-C. Hladky, P. Langlet, J.K. Cochran, and R.E. Newnham,
“Miniature Piezoelectric Hollow Sphere Transducers (BBs),” IEEE Transactions on
Ultrasonics, Ferroelectrics, and Frequency Control 44(5), 1067-76 (September,
1997).

Newnham, R.E., “Composite Sensors and Actuators” in Neue Werkstoffkonzepte, edited by
H. Schmidt and R.F. Singer. DGM-Informations Gesellschaft Verlag, Frankfurt,
Germany, 27-34 (1997).

Newnham, R.E., “Molecular Mechanisms in Smart Materials”, Mat. Res. Bulletin, 22(5) 20-

34 (May, 1997).
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Muller, R.S., M. Albin, P.W. Barth, S.B. Crary, D.D. Denton, K.W. Markus,

P.J. McWhorter, R.E. Newnham, and R S. Payne, “Microelectromechanical Systems:
Advanced Materials and Fabrication Methods,”, NMAB-483, National Academy
Press, Washington, DC, 61 (1997).
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Editorial Review, Current Opinion in Solid State & Materials Science 1,563-565 (1997).

Newnham, R.E., V. Sundar, R. Yimnirun, J. Su, and Q.M. Zhang, “Electrostriction—
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“Shape-Changing Crystals Get Shifter,” Science 275, 1878 (28 March 1997).

Zipparo, M.J., K.K. Shung, and T.R. Shrout, “Piezoceramics for High Frequency (20-100
Mhz) Single-Element Transducers,” IEEE Transactions on Ultrasonics, Ferroelectric,
and Frequency Control 44 (5) (September 1997).
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Control Applications,” AIAA J. 35, 29-34 (1997).

Lauchle, G.C., J.R. MacGillivray, D.C. Swanson, “Active Control of Axial-Flow Fan Noise,”
J. Acoust. Soc. Am. 101, 341-349, 1997).

McGuinn, R.S., G.C. Lauchle, D.C. Swanson, “Low Flow-Noise Pressure Measurements
Using a ‘Hot-Mic’,” Proc. 3rd AIAA/CEAS Aeroacoust. Conf., Paper No. 97-1665-CP

1997).

Salag(ame, }{.R. and A.D. Belegundu, “ A Simple p-Adaptive Refinement Procedure for
Structural Shape Optimization,” Finite Elements in Analysis and Design,
24(3),133-155 (1997).

Constans, E.-W., Belegundu, A.D. and G.H. Koopmann, “Design Approach for
Minimizing Sound Power from Vibrating Shell Structures,” AIAA Journal 36 (2),
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Naghshineh, K. W. Chen, and G.H. Koopmann, “Use of Acoustic Basis Functions for
Active Control of Sound Power Radiated from a Cylindrical Shell,” J. Acoust. Soc.
Am. 103 (4) (1998).

Lesieutre, G.A. and C.L. Davis, “Can a Coupling Coefficient of a Piezoelectric Actuator
be Higher than those of its Active Material?,” J. Intel. Mat. Syst. & Struct.
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Zhao, J., A. Glazanouv, Q.M. Zhang, and B. Toby, “Neutron Diffraction Study of
Electrostrictive Coefficients of Prototype Cubic Phase of Relaxor Ferroelectric

PbMg, sNb,;0,.” Appl. Phys. Lett. 72 (1998).
PAPERS SUBMITTED FOR PUBLICATIONS

Nair, N., R. Guo, Y. Jiang, and A.S. Bhalla, “Ferroelectric Properties and Phase Relations
in 2(Sr,Ba)Nb206:(K,Na)NbO3 Solid Solutions Family,” Ceramic Transactions,
ACerS, Westerville, OH (in print 1997).

Pandya, K., R. Guo, and A. Bhalla, “Structure and Properties of Near MPB
Compositions of Tungsten Bronze Ferroelectric Ceramics in Pb,KNbsO, s (PKN)-
StNaNb;O, 5 (SNN) System,” Ceramic Transactions, ACerS, Westerville, OH (in
print 1997).

Guo, R., N. Nair, Y. Jiang, and A. Bhalla, “A-Site Filled Ferroelectric tungsten Bronze
(Ba,Sr,K.Na)Nb,O: Dielectric, Thermal Expansion Properties and Phase Relation,”
J. Phys. & Chem, Solids (accepted 1998).

22



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
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22.
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Pandya, K. R. Guo, and A. Bhalla, “Morphotropic Phase Boundary Compositions of
Tungsten Bronze Ferroelectric Ceramics in Pb,KNbsO, 5 (PKN)-StNaNb,0, 5 (SNN)
System,” Ferroelectrics (accepted 1998).

Meng, J.F., R. Katiyar, E. Alberta, R. Guo, and A.S. Bhalla, “Optical and Raman
Spectroscopic Studies of PIN:PST Solid Solutions,” Ferroelectrics (accepted 1997).

Jiang, Y., R. Guo, and A.S. Bhalla, “Single Crystal Growth and Ferroelectric Properties
of a (Bal_xer)NbZOG:b(Nal_yKy)NbO3 Solid Solutions,” J. Appl. Phys. (submitted
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Cheng, Z.Y., R.S. Katiyar, X. Yao, and A.S. Bhalla, “Temperature Dependence of the
Dielectric Constant of Relaxor Ferroelectrics,” Phys. Rev. B (accepted 1998).

Uchino, K., “Recent Developments in Ceramic Actuators,” Proc. SPIE's Symp. (in press,
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Uchino, K., “Piezoelectric Actuators,” (Partial Contribution) Encyclopedia of Electrical
and Electronics Engineering, John Wiley & Sons (in press, 1997).

Uchino, K., “Shape Memory Ceramics,” (Partial Contribution) Shape Memory
Materials, Press of Univ. Cambridge (in press, 1997).

Poosanaas, P., A. Dogan, S. Thakoor, and K. Uchino, “Dependence of Photostriction on
Sample Thickness and Surface Roughness for PLZT Ceramics,” Proc. 1997 IEEE
Ultrasonics Symposium, Toronto Marriott Eaton Centre, Toronto, Ontario, Canada,
(October 5-8 1997)[in press].

Tonooka, K., P. Poosanaas, and K. Uchino, “Mechanism of the Bulk Photovoltaic Effect
in Ferroelectrics,” Proc. 5th SPIE Mtg., San Diego (1998).[in press].

Thakoor S., P. Poosanaas, J.M. Morookian, A. Yavrovian, L. Lowry, N. Marzwell, J.
Nelson, R.R. Neurgaonkar, and K. Uchino, “Optical Microactuation in
Piezoceramics,” Proc. 5th SPIE Mtg., San Diego (1998).[in press].

Ito, Y. and K. Uchino, Wiley Encyclopedia of Electrical and Electronics Engineering, J.
G. Webster, Edit., (Partial Charge “Piezoelectricity™), John Wiley & Sons (1998).
[in press]

Uchino, K., “Ferroelectric Devices,” Marcel Dekker, NY (1998). [in press]

Poosanaas, P., A. Dogan, A.V. Prasadarao, S. Komarneni, and K. Uchino, “Effect of
Ceramic Processing Methods on Photostrictive Ceramics,” J. Advanced
Performance Mater. (accepted, 1997).

Uchino, K., “High Power Characterization of Piezoelectric Materials,”

J. Electroceramics (accepted, 1998).

Uchino, K., “Piezoelectric Ultrasonic Motors: Overview,” J. Smart Mater. & Structures
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Su, J. QM. Zhang, P.C. Wang, A.G. MacDiarmid, and K.J. Wynne, “Preparation and
Characterization of Electrostrictive Polyurethane Films with Conductive Polymer
Electrodes,” Polymers of Advanced Technologies (in press, 1998).

Mueller, V. and Q.M. Zhang, “Shear Response of Lead Zirconate Titanate
Piezoceramics,” J. Appl. Phys. (in press, 1998).

Mueller, V. and Q.M. Zhang, “Nonlinearity and Scaling Behavior in Donor Doped Lead
Zirconate Titanate Piezoceramic,” Appl. Phys. Lett. (in press, 1998).

Geng, X. and Q.M. Zhang, “Analysis of the Resonance Modes and Losses in 1-3
Composites for Ultrasonic Transducer Applications,” Submitted to IEEE Trans.
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Zhang, Q.M.,, V. Bharti, and X. Zhao, “Giant Electrostrictive Response and Ferroelectric
Relaxor Behavior in Electron Irradiated Polyvinylidene Fluoride-Trifluoroethylene
Polymer,” Submitted to Science (1998).

23 ONR/MURI 1997 Annual Report



24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
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Kugel, V.D., B. Xu, Q.M. Zhang, and L.E. Cross, “Bimorph-Based Piezoelectric Air
Acoustic Transducer: Model,” Submitted to Sensors and Actuators (1997).
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Integrated Thin Films and Applications.
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Boundary Condition on a Fully-Developed, Equilibrium Turbulent Boundary

Layer,” submitted to Phys. Fluids (February 1998).

Fahnline, J.B. and G.H. Koopmann, “Numerical Implementation of the Lumped
Parameter Model for the Acoustic Power Output of a Vibrating Structure,”
J. Acoust. Soc. Am, in print.
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58. Lesieutre, G.A., and C.L. Davis, “A Solid-State Tunable Piezoelectric Vibration
Absorber” (1998).

59. Koopmann, G.H., G.A. Lesieutre, W. Chen, T. Galante, and J. Bernard, “Design,
Modeling, and Performance of a High Force Piezoelectric Inchworm Motor”
(1998).
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1. Xu, B, QM. Zhang, V.D. Kugel, and L.E. Cross, “Piezoelectric Air Transducer for
Active Noise Control,” Proceeding SPIE, Smart Structures and Integrated Systems
271 (7), 388 (1996).

2. Xu, B, QM. Zhang, V.D. Kugel, Q. Wang, and L.E. Cross, “Optimization of Bimorph
Based Double Amplifier Transducer under Quasistatic Conditions,” Proceedings of
IEEE International Symposium on the Applications of Ferroelectrics, Rutgers
University, East Brunswick, New Jersey (August 1996).

3. Kugel, V.D,, QM. Zhang, B.M. Xu, Q.-M. Wang, S. Chandran, and L.E. Cross,
“Behavior of Piezoelectric Actuators under High Electric Field,” Proceedings of
IEEE International Symposium on the Applications of Ferroelectrics, Rutgers
University, East Brunswick, New Jersey (August 1996).

4. Wang, QM, B. Xu, V.D. Kugel, and L.E. Cross, “Characteristics of Shear Mode
Piezoelectric Actuators,” Proceedings of IEEE International Symposium on the
Applications of Ferroelectrics, Rutgers University, East Brunswick, New Jersey
(August 1996).

5. Chandran, S., V.D. Kugel, and L.E. Cross, “CRESCENT: A Novel Piezoelectric Bending
Actuators,” Proceedings SPIE’s 4th Annual Symposium on Smart Structures and
Materials: Smart Materials Technologies, San Diego, CA (March 3-6, 1997).

6. Kugel, V.D,, S. Chandran, and L.E. Cross, “A Comparative Analysis of Piezoelectric
Bending-Mode Actuators,” Proceedings SPIE's 4th Annual Symposium on Smart
Structures and Materials: Smart Materials Technologies, San Diego, CA (March 3-6,
1997).

7. Mulvihill, M.L,, L.E. Cross, K. Uchino, and W. Cao, “Domain Related Phase Transitions
in Lead Zinc Magnesium Niobate Relaxor Ferroelectric Single Crystals,” Proc. 10th
Int'l Symp. Appl. Ferroelectrics, P2-51, East Brunswick, NJ (1997).

8. Dogan, A,, J.F. Fernandez, K. Uchino, and R. E. Newnham, “The ‘Cymbal’
Electromechanical Actuator,” Proc. 10th Int'l Symp. Appl. Ferroelectrics, P2-73,
East Brunswick, NJ (1997).

9. Tressler, J.F., W. Cao, K. Uchino, and R.E. Newnham, “Ceramic-Metal Composite
Transducers for Underwater Acoustic Applications,” Proc. 10th Int'l Symp. Appl.
Ferroelectrics, p.561-564, East Brunswick, NJ (1997).

10. Dogan, A., J.F. Fernandez, K. Uchino, and R.E. Newnham, “The ‘Cymbal’
Electromechanical Actuator,” Proc. 10th Int'l Symp. Appl. Ferroelectrics, p.213-
216, East Brunswick, NJ (1997).

11. Uchino, K., “Reliability of Ceramic Actuators,” Proc. 10th Int'l Symp. Appl.
Ferroelectrics, p.763-766, East Brunswick, NJ (1997).

12. Aburatani, H. and K. Uchino, “Acoustic Emission (AE) Measurement in Piezoelectric
Ceramics,” Proc. 10th Int'l Symp. Appl. Ferroelectrics, p.871-873, East Brunswick,
NJ (1997).
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Zhang, Q.M. and X. Geng, “Acoustic and Electromechanical Behavior of 1-3
Piezocomposites for Ultrasonic Transducer Applications,” Proc. IEEE Ultrasonic
Symp. Toronto, Canada (1997).

Glazounov, A.E., Q.M. Zhang, and C. Kim, “A New Torsional Actuator Based on Shear
Piezoelectric Response,” Proc. 1998 SPIE Conference on Smart Structures and
Materials, San Diego, California (1998).

Glazounov, A.E,, J. Zhao, and Q.M. Zhang, “Effect of Nonpolar Regions in
Electrostrictive Coefficients of a Relaxor Ferroelectric,” Proc. Williamsburg Mtg.
on Ferroelectrics (1998). ,

Park. S.-E., P.D. Lopath, K.K. Shung, and T.R. Shrout, “Relaxor-Based Single Crystal
Materials for Ultrasonic Transducer Applications,” Proceedings on SPIE’s
International Symposium on Medical Imaging, Newport Beach, California
(February 1997).

Lopath, P.D., S.-E. Park, K.K. Shung, and T.R. Shrout, “Pb(Zn;,;;Nb,,;)O,/PbTiO; Single
Crystal Piezoelectrics for Ultrasonic Transducers,” Proceedings on SPIE’s
International Symposium on Medical Imaging, Newport Beach, California
(February 1997).

Yoshikawa, S., K. Markowski, S.-E. Park, M.-J. Pan, and L.E. Cross, “Antiferroelectric-
to-Ferroelectric Phase Switching Lead Lanthanum Zirconate Stannate Titante
(PLZST) Ceramics,” Proceedings on SPIE’s 4th Annual Symposium on Smart
Structures and Materials, San Diego, California (March 1997).

Wada, S., S.-E. Park, L.E. Cross, and T.R. Shrout, “Domain Configuration and
Ferroelectric Related Properties of Relaxor-Based Single Crystals,” Proceedings on
9th International Meeting on Ferroelectrics ‘97, Seoul, Korea (August 1997).

Park, S.-E. and T.R. Shrout, “Relaxor-Based Ferroelectric Single Crystals with High
Piezoelectric Performance,” Proceedings on 8th US-Japan Seminar on Dielectric
and Piezoelectric Ceramic Thin Films, Plymouth, MA (October 1997).

Wada, S., S.-E. Park, L.E. Cross, and T.R. Shrout, “Domain Configuration and
Ferroelectric Related Properties of Relaxor Based Single Crystals,” Proceedings on
8th US-Japan Seminar on Dielectric and Piezoelectric Ceramic Thin Films,
Plymouth, MA (October 1997).

Lopath, P.D., S.-E. Park, K.K. Shung, and T.R. Shrout, “Single Crystal
Pb(Zn,;Nb,/3)0,/PbTiO; (PZN/PT) in Medical Ultrasonic Transducers,”
Proceedings on IEEE on Ultrasonics, Ferroelectric and Frequency Control, Toronto,
Ontario (October 1997).

Shrout, T.R., S.-E. Park, J. Shepard, and W.S. Hackenberger, “Recent Advances in
Piezoelectric Materials,” Proceedings on SPIE’s Far East and Pacific Rim
Symposium on Smart Materials, Structures, and MEMS, Adalaide, Australia
(December 1997).

Yoshikawa, S., K.A. Markowski, S.-E. Park, M.-J. Pan, and L.E. Cross,
“Antiferroelectric-to-Ferroelectric Phase Switching Lead Lanthanum Zirconate
Stannate titanate (PLZST) Ceramics,” Proceedings of the SPIE’s 4th Annual
Symposium on Smart Structures and Materials, San Diego, California (March 3-6,
1997).

Pan, M.-J. and S. Yoshikawa, “Effect of Grain Size on the Electromechanical Properties
of Antiferroelectric-to-Ferroelectric Phase Switching PLSnZT Ceramics,”
Proceedings of the 8th US-Japan Seminar on Dielectric and Piezoelectric Ceramics,
pp. 288-91, Plymouth, MA (October 15-18, 1997).
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Ritter, T.A., K.K. Shung, S.E. Park, X. Geng, and T.R. Shrout, “]-3 Single Crystal
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Medical Imaging 1998, San Diego, CA (February 21-27, 1998).

Shrout, T.R., S.E. Park, P. Lopath, R. Meyer, T. Ritter, and K. Shung, “Innovationa in
Piezoelectric Materials for Ultrasonic Transducers,” SPIE: International
Symposium Medical Imaging 1998, San Diego, CA (February 21-27, 1998).

Lopath, P.D., S.-E. Park, K.K. Shung, and T.R. Shrout, “Single Crystal PZN/PT
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“Phase Transitions with Respect to Temperature in La*’ and Ca*? Modified
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5th International Symposium on Smart Structures and Materials, San Diego, CA
(March 1-5, 1998).

Hackenberger, W., M.-J. Pan, V. Vedula, P. Pertsch, W. Cao, C.Randall, and T.Shrout,
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SPIE’s 5th International Symposium on Smart Structures and Materials, San Diego,
CA (March 1-5, 1998).

Park, S.-E., V. Vedula, M.-J. Pan, W. Hackenberger, P. Pertsch, and T.R. Shrout,
“Relaxor Based Ferroelectric Single Crystals fo Electromechanical Actuators,”
Proc. SPIE’s 5th International Symposium on Smart Structures and Materials, San
Diego, CA (March 1-5, 1998).

Park, S.-E., P.D. Lopath, K.K. Shung, and T.R. Shrout, “Relaxor-Based Single Crystal
Materials for Ultrasonic Transducer Applications,” Proceedings of SPIE's
International Symposium on Medical Imaging, Newport Beach, California
(February 1997).

Lopath, P.D,, S.-E. Park, K.K. Shung, and T.R. Shrout, “Pb(Zn1/3Nb2/3)03/PbTiO3
Single Crystal Piezoelectrics for Ultrasonic Transducers,” Proceedings on SPIE’s
International Symposium on Medical Imaging, Newport Beach, California
(February 1997).

Wada, S., S.-E. Park, L.E. Cross, and T.R. Shrout, “Domain Configuration and
Ferroelectric Related Properties of Relaxor-Based Single Crystals,” Proceedings on
9th International Meeting on Ferroelectrics, Seoul, Korea (August 1997).

Park, S.-E. and T.R. Shrout, “Relaxor Based Piezoelectric Single Crystals with High
Piezoelectric Performance,” The 8th US-Japan Seminar on Dielectric &
Piezoelectric Ceramics, (October 15-18, 1997).

Hackenberger, W., J. Helgeland, M. Zipparo, C.A. Randall, and T.R. Shrout, “Fine Grain
Piezoelectric Ceramics for Transducer and Actuator Applications,” The 8th US-
Japan Seminar on Dielectric & Piezoelectric Ceramics (October 15-18, 1997).

Meyer, R.J., T.R. Shrout, and S. Yoshikawa, “Preparation of Fine Scale PZT Fibers and
Their 1-3 Composite Properties,” The 8th US-Japan Seminar on Dielectric &
Piezoelectric Ceramics (October 15-18, 1997).

Wada, S., S.E. Park, L.E. Cross, and T.R. Shrout, “Domain Configurations and
Ferroelectric Related Properties of Relaxor Based Single Crystals,” The 8th US-
Japan Seminar on Dielectric & Piezoelectric Ceramics (October 15-18, 1997).
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Hitomi, A., X. Lium T.R. Shrout, and C.A. Randall, “Hypothesis on Rare Earth Doping
of BaTiO, Ceramic Capacitors,” The 8th US-Japan Seminar on Dielectric
Piezoelectric Ceramics (October 15-18, 1997).

Swartz, S., T. Takenaka, and T.R. Shrout, “Comparative Assessment of Electronic
Ceramics R&D in the U.S. and Japan,” The 8th US-Japan Seminar on Dielectric &
Piezoelectric Ceramnics (October 15-18, 1997).

Capone, D.E. and G.C. Lauchle, “Designing a Virtual Sound-Level Meter in

LabVIEW,” National Instruments Newsletter A-3 (Summer 1997).

Ho, Y.R,, LS.Kim, W. Chen, and G.H. Koopmann, “Active Control of Broadband Sound
Transmission Using Feedback and Feedforward Techniques,”Noise-Con 97, Penn
State, PA (June 1997).

Sharp, S. G.H. Koopmann, and W. Chen, “Transmission Loss Characteristics of an
Active Trim Panel,” Noise-Con 97, Penn State, PA (June 1997).

Lesieutre, G.A., and C.L. Davis, “A Solid-State Tunable Piezoelectric Vibration
Absorber,” proceedings of the SPIE Smart Structures and Materials Conference:
Smart Structures and Integrated Systems, San Diego, CA (March 1-5, 1998).

Koopmann, G.H., G.A. Lesieutre, W. Chen, T. Galante, and J. Bernard, “Design,
Modeling, and Performance of a High Force Piezoelectric Inchworm Motor,”
proceedings of the SPIE Smart Structures and Materials Conference: Passive
Damping and Isolation, San Diego, CA (March 1-5, 1998).

Hebert, C.A., and G.A. Lesieutre, “Rotorcraft Lag Damping using Highly-Distributed
Tuned Vibration Absorbers,” proceedings of the 7th ARO International Workshop
on Dynamics and Aeroelastic Stability Modeling of Rotorcraft Systems, St. Louis,
MO (October, 14-16, 1997).

Lesieutre, G.A. and C.L. Davis, “A Semi-Actively Tuned Piezoceramic Vibration
Absorber,” proceedings of the 3rd ARO Smart Structures Workshop, Blacksburg,
VA (August 27, 1997).

Galante, T., G.H. Koopmann, and G.A. Lesieutre, “A High-Force Piezoelectric
Inchworm Actuator,” at the 1997 ONR Transducer Materials and Transducers
Workshop, State College, PA (April, 1997).

Lee, U. and G.A. Lesieutre, “Design Concerns for Active Constrained Layer Damping
Treatments," proceedings of the 38th AIAA/ASME/ASCE/AHS/ASC Structures,
Structural Dynamics and Materials Conference, Kissimee, FL (April 7-10, 1997).

Lesieutre, G.A., and C.L. Davis, “A Tunable Piezoelectric Inertial Actuator,”
proceedings of the SPIE Smart Structures and Materials Conference: Smart
Structures and Integrated Systems, San Diego, CA (March 4, 1997).

Lesieutre, G.A., and C.L. Davis, “Can the Coupling Coefficient of a Piezoelectric Device
be Higher Than Those of the Basic Material?,” proceedings of the SPIE Smart
Structures and Materials Conference: Smart Structures and Integrated Systems,
San Diego, CA (March 4, 1997).

Lesieutre, G.A., and U. Lee, “A Finite Element Model for Beams Having Segmented
Active Constrained Layers with Frequency-Dependent Viscoelastic Material
Properties," proceedings of the SPIE Smart Structures and Materials Conference:
Passive Damping and Isolation, San Diego, CA (March 4, 1997).
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19.

20.
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Cross, L.E., “Relaxor Ferroelectrics,” 1997 Williamsburg Workshop on Ferroelectrics,
Williamsburg, Virginia (February 2-5, 1997).

Zhao, X.Z., S.J. Jang, J.P. Dougherty, and L.E. Cross, “Dielectric and Electrical
Polyimide Properties of LARC-Si: A Self Bonding Polyivide Material,” MRS
Spring Mtg., San Francisco California (March 31-April 4, 1997).

Cross, L.E., “Relaxor Ferroelectrics,” Indo:US Project Mtgs., New Delhi, India
(March 11, 1997).

Cross, L.E., “Smart Materials and Adaptive Structures,” Rippon Lecture: Indian Institute
of Science, Calcutta, India (March 4, 1997).

Cross, L.E., “Piezoelectric and Electrostrictive Sensors and Actuators,” School of
Materials Science, Institute of Technology, Banares Hindu University, Varanasi,
India (March 7, 1997).

Cross, L.E., “Ferroic Group Activities at MRL,” 21st ICAT Smart Actuator Symposium,
Penn State (April 23, 1997).

Cross, L.E., “Transducer Studies in MRL,” 1997 ONR Transducer Materials and
Transducers Workshop (April 29-May 1, 1997).

Cross, L.E., “Fundamental Concepts in Dielectrics,” Am. Ceram. Soc. 99th Annual
Mtg., Cincinnati, Ohio (May 4-7, 1997).

Cross, L.E., “Electric Field Tuning in Monolithic Materials,” Frequency Agile Materials
for Electronics (FAME) Workshop, Washington, DC (May 15-16, 1997).

Cross, L.E., “Exploiting Ferroelectric Phase Transitions for Practical Applications,”
3rd US/CIS. Baltic Ferroelectric Seminar, Bozeman, Montana (June 1-7, 1997).
Cross, L.E., “Recent Developments in Composite Transducers and Actuators,” ICCE 4,

Big Island of Hawaii (July 6-12, 1997).

Cross, L.E. and J. Fousek, “The History of the International Meeting of Ferroelectrics
(IMF),” Plenary Lecture, IMF9, Seoul, Korea (August 25-29, 1997).

Cross, L.E., “Relaxor Ferroelectrics,” Invited Tutorial, IMF9, Seoul, Korea (August 25-
29, 1997).

Cross, L.E., “Bimorph and Pseudo-Shear Mode Actuation,” 8th US-Japan Seminar on
Dielectric and Piezoelectric Ceramics, Plymouth, MA (October 15-18, 1997).

Cross, L.E., “Recent Development in Piezoelectric Ferroelectric Materials and
Composites,” Dow Lecture, Northwest University (November 4, 1997).

Cross, L.E., A.S. Bhalla, and R. Guo, “Frequency Agile Materials of Electronics
(FAME),” Center for Dielectric Studies (Fall Mtg.), Penn State (November 19-20,
1997).

Uchino, K., “Ferroelectric Devices,” Symp. Ferroelectric Mater. & Appl., Mat. Tech.
Center, Chiangmai, Thailand (June 1997).

Uchino, K., “How to Design the Ceramic Actuators for Bestseller Devices,” 2nd Symp.
Adv. R & D, Jpn. Steel Soc., Tokyo, Japan, (June 1997).

Uchino, K., “High Electromechanical Coupling Piezoelectrics: Relaxor and Normal
Ferroelectric Solid Solutions,” 4th IUMRS Int'l Conf. in Asia, Mater. Res. Soc. Jpn.,
Tokyo, Japan (September 16-18, 1997).

Uchino, K., “Compact Piezoelectric Ultrasonic Motors,” 70th Mtg. of Jpn. Med.
Ultrasonics, Sendai, Japan (November 2-4, 1997).
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Shrout, T.R., S.-E. Park, J. Shepard, and W.S. Hackenberger, “Recent Advances in
Piezoelectric Materials,” SPIE’s Far East and Pacific Rim Symposium on Smart
Materials, Structures, and MEMS, Adelaide, Australia (December 1997)

Trolier-McKinstry, S., J.F. Shepard, Jr., J.L. Lacey, T. Su, G. Zavala, and J. Fendler,
“Piezoelectricity in Ferroelectric Thin Films: Domain and Stress Issues,”
Williamsburg Workshop on Ferroelectrics, Williamsburg, Virginia (1997).

Trolier-McKinstry, S. J.F. Shepard, Jr., J.L. Lacey, T. Su, G. Zavala, and J. Fendler,
“Piezoelectricity in Ferroelectric Thin Films” Domain and Stress Issues,” Acta
Materialia.Scripta Materialia Meeting on Coupled Property Issues in Integrated
Microstructures (1997).

Newnham, R.E., “Molecular Mechanisms in Smart Materials,” Mardi Gras
Conference on Multiscale Phenomena in Science and Engineering, Baton Rouge,
LA (February 6-9, 1997).

Newnham, R.E., “Molecular Mechanisms in Smart Materials,” The American
Physical Society March Meeting, Kansas City, MO (March 17-21, 1997).

Newnham, R.E., “Biomimetic Ferroelectric Sensors and Actuators, 21st International
Center for Transducers and Actuators Meeting, Penn State University (April 23-
24, 1997).

Tressler, J., W. Cao, K. Uchino, and R.E. Newnham, “Ceramic-Metal Composite
Transducers for Underwater Acoustic Application,” 21st International Center for
Transducers and Actuators Meeting, Penn State University (April 23-24, 1997).

Tressler, J. and R.E. Newnham, “Capped Ceramic Underwater Sound Projector,”
Annual Meeting of the Acoustical Society of America, Penn State University
(June 16-20, 1997).

Newnham, R.E., “Biomimetic Ferroelectric Sensors and Actuators,” The Ninth
International Meeting on Ferroelectricity, Seoul, Korea (August 24-29, 1997).

Newnham, R.E., “Ferroelectric Hollow Spheres,” 3rd US/CIS/Baltic Ferroelectrics
Seminar, Montana State University, Bozeman, MT (June 1-7, 1997).

Newnham, R.E., “Size Effects in Ferroic Solids,” 214th Americal Chemical Society
National Meeeting, Las Vegas, NV (September 7-10, 1997).

Newnham, R.E., “Smart Materials: Molecular Mechanisms and Industrial
Applications,” Adaptronic Congress Berlin Conference, Berlin, Germany
(September 29-October 3, 1997).

Newnham, R.E., “Functional Composite Sensors, Actuators and Transducers,” 6th
International Symposium on Ceramic Materials and Components for Engines,
Arita, Japan (October 19-24, 1997).

Newnham, R.E., “Piezoelectric Crystals and Composites,” NGK Insulators
Company, Nagoya, Japan (October 27, 1997).

Newnham, R.E., “Molecular Mechanisms in Smart Materials,” Asian Meeting of the
International Center for Actuators and Transducers (ICAT), Tokyo, Japan
(October 27, 1997).

Newnham, R.E., “Composite Piezoelectric Sensors and Actuators,” Fifth Japan
Ilngtgzlnational SAMPE Symposium and Exhibition, Tokyo, Japan (October 28-31,

)-

Park, S.-E. and T.R. Shrout, “Characteristics of Relaxor-Based Materials for
Transducers,” 1996 IEEE International Ultrasonics Symposium, San Antonio,
TX (November 1996).

Park, S.-E. and T.R. Shrout, “Relaxor-Based Single Crystals,” Williamsburg
Workshop on Ferroelectrics, Williamsburg, VA (February 2-5, 1997).

Shrout, T.R., S.E. Park, C.A. Randall, J. Shepard, L.B. Hackenberger, D. Pickrell,
and W.S. Hackenberger, “Recent Advances in Piezoelectric Materials,” SPIE Far
East and Pacific Rim Symposium on Smart Materials, Structures, and MEMS,
Adelaide, Australia (December 10-13, 1997).
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44.

45.
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47.

48.
49.
50.

51.

Shrout, T. S.E. Park, P. Lopath, T. Ritter, and K. Shung, “Single Crystal
Perovskites with High Piezoelectric Performances,” DARPA/ONR Workshop on
Medical Ultrasound Imaging Technology Development for Combat Casualty
Care, Lansdowne, VA (February 11-13, 1998).

Shrout, T.R., S.-E. Park, P. D. Lopath, and K.K. Shung, “Relaxor-Based Single
Crystal Materials for Ultrasonic Transducer Applications,” 133rd Acoustical
Society of America, The Pennsylvania State University (June 19, 1997).

Maria, J.-P., T.R. Shrout, and S. Trolier-McKinstry, “Deposition and Electrical

Characterization of Epitaxial Pb(Mg, 3Nb23)03-PbTiO;3 Relaxor Thin Films,”
MRS 1997 Fall Meeting, Boston, MA.

G.H. Koopmann,E. Constans, and A. Belegundu, “The Use of Tuned Absorbers in
Minimizing Sound Power From Vibrating Structures - Manfred Heckl Memorial
Session,” Acoustical Society of America, Seattle, WA (1998).

Belegundu, A.D., G.H. Koopmann and E.W. Constans, “Minimization of Radiated
Sound Power from Vibrating Shells by Optimal Placement of Lumped Masses,”
Paper DETC97/VIB-3798, 16th Biennial Conference on Mechanical Vibration
and Noise, Sacramento, CA (1997).

Koopmann, G. H., G.A. Lesieutre, B.R. Dershem, and W. Chen, “Embeddable
Induced Strain Actuators Using Framed 3-3 Stacks, Modeling and
Characterization,” SPIE’s 4 the Annual International Symposium on Smart
Structures and Materials, San Diego, CA (1997).

Driesch, P., G.H. Koopmann, W. Chen, J. Dosch, and H. Iwata, “Development of a
Surface Intensity Probe for Active Contro! Applications,” IMECE, Dallas, TX
(1997).

Cao, W., “Characterization of Ferroelectric Domains in LiTaO3 using Environmental
Electron Microscopy,” The 3rd US/CIS/Baltic Ferroelectric Seminar, Bozeman,
Montana (June 1997).

Cao, W., “Design Simulation of Composite,” The 133rd Meeting of Transducers,”
Acoust. Soc. of America, State College (June 1997).

Cao, W., “Computer Simulation of Piezocomposite Transducers,” Eighth US:Japan
Seminar on Dielectric and Piezoelectric Ceramics, Plymouth, MA (October 1997).

Lesieutre, G.A. and G.H. Koopmann, “PSU Piezoelectric Actuators: Induced Strain.
Proof-Mass, Inchworm," at the Engineering Foundation Workshop on
Engineered Adaptive Composite Structures for Noise and Vibration Control,
Banff, Albert, Canada (July 13-18, 1997).

Lesieutre, G.A., “Can a Coupling Coefficient of a Piezoelectric Device Be Higher
Than Those of Its Active Material?,”, 21st International Smart Actuator
Symposium (ICAT), State College, PA (April 23-24, 1997).

12.0  INVITED PAPERS PRESENTED AT UNIVERSITY, INDUSTRY, AND

GOVERNMENT LABORATORIES

Park, S.-E. and T.R. Shrout, “Relaxor-Based Single Crystals,” Williamsburg Workshop
on Ferroelectrics, Williamsburg, Virginia (February 2-5, 1997).

Trolier-McKinstry, S., “Piezoelectricity in Ferroelectric Thin Films: Domain and Stress
Issues,” Chemistry Department, Syracuse University (April 1997).

Trolier-McKinstry, S., “Piezoelectricity in Ferroelectic Thin Films: Domain and Stress
Issues,” NIST, Gaithersburg, Maryland (July 1997).

Newnham, R.E., “Molecular Mechanisms in Smart Materials,” Harvard University,
Boston, MA (February 26, 1997).

Newnham, R.E., “Molecular Mechanisms in Smart Materials,” Princeton University
(April 16, 1997).
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6. Tressler, J., W.J. Hughes, W. Cao, K. Uchino, and R.E. Newnham, “Capped Ceramic
Underwater Sound Projector, ‘the cymbal’,” Naval Research Laboratory,
Washington, DC (August 1997).

7. Tressler, J., RE. Newnham, and J. Hughes, “Cymbal Transducers,” MURI Review
Meeting, Penn State University (November 1997).

8. Newnham, R.E., “Predicting Electrostriction in High and Low Permittivity Dielectrics,”
CDS Fall Meeting, Penn State University (November 1997).

9. Newnham, R.E., “Molecular Mechanisms in Smart Materials,” Raychem Corporation,
Menlo Park, CA (January 1998).

10. Newnham, R.E., “Molecular Mechanisms in Smart Materials,” Materials Science
Department Seminar, University of California at Berkeley (January 1998).

11. Newnham, R.E., “Molecular Mechanisms in Smart Materials,” Physics Department
Seminar, Indiana University of Pennsylvania (February 1998).

12. Cao, W., “Interdisciplinary Research: The Need, the Challeng and the Fun,” Department
of Physics and Astronomy, Brigham Young University (July 1997).

13. Cao, W., “New Characterization Techniques for Piezoelectric Materials,” TDK Inc,
Narita Research Center, Chiba, Japan (September 1997).

14. Cao, W., “Finite Element Study of Piezoelectric and Dielectric Devices,” Murata
Manufacturing Co., Ltd, Kyoto, Japan (September 1997).
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Introduction

Certain materials produce electric charges on their surfaces as a consequence of applying
mechanical stress. The induced charges are proportional to the mechanical stress. This is
called the direct piezoelectric effect and was discovered by J. and P. Curie in 1880.
Materials showing this phenomenon also conversely have a geometric strain proportional
to an applied electric field. This is the converse piezoelectric effect. The root of the
word “piezo” means “pressure”; hence the original meaning of the word piezoelectricity

implied “pressure electricity”. (1)(2)

Piezoelectric materials provide coupling between electrical and mechanical parameters.
The material used earliest for its piezoelectric properties was single-crystal quartz.
Quartz crystal resonators for frequency control appear today at the heart of clocks and
are also used in TVs, computers. Ferroelectric polycrystalline ceramics such as barium
titanate and lead zirconate titanate exhibit piezoelectricity when electrically poled. Since
these ceramics possess significant and stable piezoelectric effects, i.c., high
electromechanical coupling, they are capable of producing large strains / forces and hence
are extensively used as transducers. Piezoelectric polymers, notably polyvinyliden
difluoride and its copolymers with trifluoroethylene and piezoelectric composites
combining a piezoelectric ceramic with a passive polymer have been developed which

offer a high potential. Recently, thin films of piezoelectric materials are being paid



attention due to their potential utilization in micro-sensors, micro-transducers and micro-

actuators.

Piezoelectricity is being extensively utilized in the fabrication of various devices such as
transducers, actuators, surface acoustic wave devices, frequency control and so on. In
this chapter we describe the piezoelectric effect, brief history of piezoelectricity followed
by present day piezoelectric materials that are used and finally various potential

applications of piezoelectric materials.

Piezoelectricity

Relationship between crystal symmetry and properties

All crystals can be classified into 32 point groups according to their crystallographic
symmetry. These point groups are divided into two classes; one has a center of
symmetry and another lacks it. There are 21 non-centrosymmetric point group.S.

Crystals belonging 20 of these point groups exhibits piezoelectricity. The cubic class
432, although lacking a center of symmetry, does not permit piezoelectricity. Of these 20
point groups, there are 10 polar crystal classes containing a unique axis, along which an

electric dipole moment is oriented in the unstrained condition.




Pyroelectric effect appears in any material that possess a polar symmetry axis. Asa
result of this the material develops electric charge on the surface owing to change in
magnitude of the dipole moment with changing temperature. Among the pyroelectric
crystals whose spontaneous polarization are reorientable by application of an electric
field of sufficient magnitude (not exceeding the breakdown limit of the crystal) are called
ferroelectrics. (3)(4) Table 1 shows the crystallographic classification of the point

groups.

Piezoelectric coefficients

Materials are deformed by stresses and the resulting deformations are represented by
strains (AL/L). When the stress T (force per unit area) causes a proportional strain S,
S=sT, ¢))
where all quantities are tensors; S and T are second rank and s is fourth rank.
Piezoelectricity creates additional strains by applied field E. The piezoelectric equation is
given by

Si =i Ta + dijx Ex | 2
where E is the electric field and d is the piezoelectric constant which is the third rank
tensor. This equation can be also expressed in a matrix form such as given for the case in

a poled ceramics:
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Another frequently used piezoelectric constant is ‘g’ which gives the electric field
produced when a stress is applied (E = gT). The ‘g’ constant is related to the ‘d’constant

through the permitivity &

g=dl/e | 4)
A measure of the effectiveness of the electromechanical energy conversion is the
electromechanical coupling factor ‘k’. which measures the fraction of the electrical energy
converted to mechanical energy when an electric field is applied or vice versa when a
material is stressed. (5) The relationship is in terms of 2.

Electrical Energy Converted to Mechanical Energy

k2 = Input Electrical Energy
OF
or
2= Mechanical Energy Converted to Electrical Energy
Input Mechanical Energy
©)
which also can be expressed by
B=d/(es). )

k is always less than 1, because &2 is below 1. Typical values of k are 0.10 for quartz, 0.4

for BaTiO; ceramic, 0.5 - 0.7 for PZT ceramic and 0.1 - 0.3 for PVDF polymer. Another



important material parameter is the mechanical quantity factor On which determines the
frequency characteristics. The Oy, is given by

Energy stored over one cycle

= 2% X
U Energy dissipated per cycle

@®)

History of Piezoelectricity

As stated already the discovery of piezoelectricity in quartz (which is not ferroelectric)
was done by Piere and Jacques Curie in 1880. Ferroelectricity can provide the creation of
useful piezoelectric materials. Rochelle salt was the first ferroelectric discovered in 1921.
Till 1940 only two types of ferroelectrics were known, Rochelle salt and potassium
dihydrogen phosphate and its isomorph. In 1940 to 1943, unusual dielectric properties
like abnormally high dielectric constant of barium titanate BaTiO; was discovered
independently by Wainer and Salmon, Ogawa, and Wul and Golman. After the discovery,
compositional modifications for BaTiO; led to improvement in the temperature stability
or the high voltage output. Piezoelectric transducers based on BaTiO; ceramics were

becoming well established in a number of device applications.

In 1950°s Jaffe and co-workers established the lead zirconate - lead titanate system (called
PZT system) as suitable for inducing strong piezoelectric effects. The maximum
piezoelectric response was found for PZT compositions near the morphotropic phase

boundary, i.e., the composition-dependent and temperature independent rhombohedral-



tetragonal phase change. Since then, the PZT system with various additives has become
the dominant piezoelectric ceramics for potential applications. Other ferroclectric
perovskite compounds were also extensively examined. The discovery of PZT solid
solution system was rapidly followed by its exploitation in a number of practical

piezoelectric applications.

Kawai et al., discovered in 1969 that certain polymers, notably polyvinyliden difluoride,
are piezoelectric when stretched during fabrication. Such piezoelectric polymers are also
useful for some transducer applications. In 1978 Newnham et al., improved composite
piezoelectric materials by combining a piezoelectric ceramic with a passive polymer

whose properties can be tailored to the requirements of various piezoelectric devices.

There is another class of ceramic material which recently has become important; relaxor-
type electrostrictors such as lead magnesium niobate [PMN], typically doped with 10%
lead titanate [PT], which are potentially used for applications in piezoelectric actuator
field. Recent breakthrough in the growth of high quality large single crystal relaxor
piezoelectric compositions has brought the interest in these materials for wide
applications ranging from high strain actuators to high frequency transducers for the
medical ultrasound devices due to their superior electromechanical characteristics. More
recently, thin films of piezoelectric materials such as zinc oxide [ZnO), or PZT have been
extensively investigated and developed for use in micro electromechanical device

applications.



Piezoelectric Materials

This section summarizes the current status of piezoelectric materials: single crystal
materials, piezoceramics, piezopolymers, piezocomposites and piezofilms. Table 2
shows the material parameters of some representative piezoelectric materials described

below. (6)(7)

Single crystals

More recently, the piezoelectric ceramics are widely used for a large number of
applications. However, single crystal materials retain their utility, being essential for
application field such as frequency stabilized oscillators and surface acoustic devices.
The most popular single-crystal piezoelectric materi;.ls are quartz, lithium niobate
(LiNbO3) and lithium tantalate (LiTaO;). The single crystals are anisotropic, which gives
different material properties depending on the cut of the materials and the direction of

bulk or surface wave propagation.

Quartz is a well-known piezoelectric material. a-quartz belongs to triclinic crystal system
with point group 32 and has a phase transition at 537 °C to B-type which isnota

piezoelectric. Quartz has the cut with a zero temperature coefficient. For instance,
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quartz oscillators using thickness shear mode of AT-cut are extensively used for clock
sources in computers, frequency stabilized ones in TVs and VIRs. On the -.ther hand, an
ST-cut quartz substrate with X-propagation has a zero temperature coefficient for surface
acoustic wave and so are used for SAW devices with high-stabilized frequencies. The
another distinguished characteristic of quartz is that ithas a extremely high mechanical

quality factor Oy, > 10°.

Lithium niobate and lithium tantalate belong to an isomorphous crystal system and are
composed of oxygen octahedron. The Curie temperatures of LiNbO; and LiTaO; are
1210 and 660 °C, respectively. The crystal symmetry of the ferroelectric phase of these
single crystals is 3m and the polarization direction is along c-axis. These materials have
high electromechanical coupling coefficients for surface acoustic wave. In addition, large
single crystals can easily be obtained from their melt using the conventional Czochralski
technique. Thus both materials occupy very important positions in the SAW device

application field.

Ceramics

Perovskite Structure
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Most of the piezoelectric ceramics have perovskite structure ABO;, as shown Fig.1.

This ideal structure consists of a simple cubic unit cell with a large cation A on the corner,
a smaller cation B in the body center, and oxygens O in the centers of the faces. The
structure is a net-work of corner-linked oxygen octahedra surrounding B cations.
Piezoelectric properties of perovskite-structure materials can be easily tailored depending

on their applications by incorporating various cations in the perovskite structure.
Barium titanate

Barium titanate BaTiO; is one of the most thoroughly studied and most widely used
piezoelectric materials. Figure 2 shows the temperature dependence of dielectric
constants in BaTiO; demonstrating the phase transition in BaTiO; single crystais. Three
anomalies can be observed. The discontinuity at the Curie point (130 °C)isductoa
transition from a ferroelectric to a paraelectric phase. The other two discontinuities are
accompanied with transitions from one ferroelectric phase to another. Above the Curie
point the crystal structure is cubic and has no spontaneous dipole moments. At the Curie
point the crystal becomes polar and the structure changes from a cubic to a tetragonal
phase. The tetragonal axis is in the direction of the dipole moment and thus along the
spontaneous polarization. Just below the Curie temperature, the vector of the

spontaneous polarization points in the [001] direction (Tetragonal phase), below 5°Cit

reorients in the [011] (Orthrhombic phase) and below - 90 °C in the [111] (Rhombohedral
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phase). The dielectric and piezoelectric properties of ferroelectric ceramic BaTiO; can be
affected by its own stoichiometry, microstructure, and by dopants entering into the A or
B site solid solution. Modified ceramic BaTiO; with dopants such as Pb or Ca ions have

been used as commercial piezoelectric materials.

Lead zirconate- lead titanate

Piezoelectric Pb(Ti,Zr)O; solid solutions [PZT] ceramics have been widely used because
of their superior piezoelectric properties. The phase diagram of the PZT system
(PbZr,Ti;.x03) is shown in Fig. 3. The crystalline symmetry of this solid-solution
system is determined by the Zr content. Lead titanate has also a tetragonal ferroelectric
phase of perovskite structure. With increasing Zr content, x, tetragonal distortion
decreases and when x > 0.52 the structure changes from tetragonal 4mm phase to another
ferroelectric phase of rhombohedral 3m symmetry. This transition is rather independent
of temperature. The line dividing the two phases is called morphotropic phase boundary,
that is, the change of symmetry occurs only as a function of composition. This
composition is considered to have both phases. Figure 4 shows the dependence of several
d constants on composition near the morphotropic phase boundary. The d constants
have their highest values near the morphotropic phase boundary. This enhancement in
piezoelectric effect is attributed to the increased ease of reorientation of the polarization
under electric field. Doping the PZT material with donors or acceptor changes the

roperties dramatically. Donor doping with ions such as Nb** or Ta** provides soft
prop P P
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PZTs like PZT-5, because of the facility of a domain motion due to the resulting Pb-
vacancy. On the other hand, acceptor doping such as Fe** or Sc** leads to hard PZTs

such as PZT-8, because oxygen vacancies will pin the domain wall motion.

Lead titanate

Lead titanate has a large crystal distortion. PbTiO; has tetragonal structure at room

temperature with its tetragonality c/a = 1.063. The Curie temperature is 490 °C. Densely

sintered PbTiO; ceramics can not be obtained easily, because they break up into a powder
when cooled through the Curie temperature. This is due to the large spontaneous strain
which occurs at the transition. Lead titanate ceramics modified by adding small amount of
additives which exhibits a high piezoelectric anisotropy. Either (Pb, Sm)TiO; (8) or (Pb,
Ca)TiO; (9) has extremely low planar coupling, that is, large k. / k, ratio. Here, k and k,
are thickness-extensional and planar electromechanical coupling factors, respectively.

(Pb, Nd)(Ti, Mn, In)O; ceramics with a zero temperature coefficient of surface acoustic
wave delay have been developed as a superior substrate materials for SAW device

applications. (10)

Polymers
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Polyvinylidene difluoride, PVDF or PVF2, is piezoelectric when stretched during
fabrication. Thin sheets of the cast polymer are then drawn, stretched, in the plane of the
sheet in at least one direction, and frequently also in the perpendicular direction, to make
the material into its microscopically polar phase. Crystallization from melt forms non-

polar o.-phase, which can be converted into another polar B-phase by a uniaxial or biaxial

drawing operation; these dipoles are then reoriented through electric poling. Large sheets
can be manufactured and thermally formed into complex shapes. The copolymerization
of vinilydene difluoride with trifluoroethylene (TTFE) results in random copolymer
(PVDF-TrFE) with a stable, polar B-phase. This polymer need not be stretched; it can be
poled directly as formed. The thickness-mode coupling coefficient of 0.30 has been
reported. Such piezoelectric polymers are used for directional microphones and

ultrasonic hydrophones.

Composites

Piezocomposites composed of a piezoelectric ceramic and polymer are promising
materials because of excellent and tailored properties. The geometry for two-phase
composites can be classified according to the connectivity of each phase (1,2 or 3
dimensionally) into 10 structures; 0-0, 0-1, 0-2, 0-3, 1-1, 1-2, 1-3, 2-2, 2-3 and 3-3. (11)
A 1-3 piezocomposite, or PZT-rod / polymer-matrix composite is identified as a most

promising candidate. The advantages of this composite are high coupling factors, low
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acoustic impedance, good matching to water or human tissue, mechanical flexibility, broad
bandwidth in combination with low mechanical quality factor and the possibility of
making undiced arrays by only structuring the electrodes. The thickness-mode
electromechanical coupling of the composite can exceed the k; (0.40-0.50) of the
constituent ceramic, approaching almost the value of the rod-mode electromechanical
coupling, k33 (0.70-0.80) of that ceramic. (12) Acoustic impedance is the square root of
the product of its density and elastic stiffness. The acoustic match to tissue or water (1.5
Mrayls) of the typical piezoceramics (20-30 Mrayls) is significantly improved by
forming a compogite structure, that is, by replacing heavy and stiff ceramic by light and
soft polymer. Piezoelectric composite materials are especially useful for underwater

sonar and medical diagnostic ultrasonic transducer applications.
Thin-films

Both zinc oxide [ZnO] and aluminum nitride [AIN] are simple binary compounds with a
Waurtzite-type structure, whicl‘l can be sputter-deposited in a c-axis oriented thin film on a
variety of substrates. ZnO has large piezoelectric coupling and its thin films are widely
used in bulk acoustic and surface acoustic wave devices. The fabrication of highly c-axis
oriented ZnO films have been extensively studied and developed. The performance of
ZnO devices is, however, limited due to their small piezoelectric coupling (20 - 30%).

PZT thin films are expected to exhibit higher piezoelectric properties. At present the
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growth of PZT thin film is being carried out for use in micro-transducers and micro-

actuators.

Relaxor-type ferroelectric materials

Relaxor ferroelectrics differ from normal ferroelectrics in terms of having broad phase
transition from paraelectric to ferroclectric state, strong frequency dependence of
dielectric constant (i.e. dielectric relaxation) and weak remanent polarization. Lead based
relaxor materials have complex disordered perovskite structures with a general formula
Pb(B,, B»)Os (B; = Mg®*, Zn*", Sc*, B,=Nb**, Ta**, W) The B site cations are
distributed randomly in the crystal. The characteristic of relaxors is a broad and
frequency dispersive dielectric maximum. Relaxor-type electrostrictive materials such as
lead magnesium niobate Pb(Mg;3Nb,)0; - lead titanate PbTiO; solid solution [PMN-
PT] are very suitable for application in actuators. This relaxor ferroelectrics can also
provide an induced piezoelectric effect. That is, the electromechanical coupling factor k
varies with the applied DC bias field. As the DC bias field increases, the coupling
increases and saturates. This behavior is reproducible. These materials would be applied

for ultrasonic transducers which can be tunable by the bias field. (13)

Recently, single-crystal relaxor ferroelectrics have been developed which show great
promising results in ultrasonic transducers and electromechanical actuators. Single

crystals of Pb(Mg;/3Nby3)03 [PMN], Pb(Zn;;3Nb,3)O; [PZN] and binary systems of
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these materials combined with PbTiO; [PMN-PT and PZN-PT] exhibit extremely large
electromechanical coupling factors. (14)(15) Large coupling coefficients and large
piezoelectric constants have been found for these solid-solution crystals with
morphotropic phase boundary compositions. PZN-8%PT single crystals were found to
possess high k33 value of 0.94 for (001) crystal cuts. The ks3 value of the gonventional

PZT ceramics is usually 0.70-0.80.

Applications of Piezoelectric Materials

Piezoelectric materials can provide coupling between electrical and mechanical energy and
thus have been extensively used in a variety of electro-mechanical device applications.
The direct piezoelectric effect is most obviously used in the generation of charge at high
voltage such as for the spark ignition of gas in space heaters, cooking stoves and cigarette
lighters. Using the converse effect, mechanical small displacements and vibrations can be
produced for actuators by applying a field. Acoustic and ultrasonic vibrations can be
generated by an alternating field tuned at the mechanical resonance frequency of a
piezoelectric device, and can be detected by amplifying the field generated by vibration
incident on the material, which is usually used for ultrasonic transducers. The other
important application field of piezoelectricity include the control of frequency. The
application of piezoelectric materials ranges over many technology fields including
ultrasonic transducers, actuators and ultrasonic motors, electronic components such as

resonators, wave filters, delay lines, SAW devices and transformers, and high voltage




18

applications; gas ignitors, ultrasonic cleaning and machining. Piezoelectric-based sensors,
for instance, accelerometers, automobile knock sensors, vibration sensors, strain gages and
flow meters have been developed, because pressure and vibration can be directly sensed
as electric signals through piezoelectric effect. Examples of these applications are given in

the following sections.

Ultrasonic Transducers

One of the most important applications of piezoelectric materials is based on ultrasonic
echo field. (16)(17) Ultrasonic transducers convert electrical energy into mechanical form
when generating an acoustic pulse and convert mechanical energy into an electrical signal
when detecting its echo. Now-a-days, piezoelectric transducers are being used in medical
ultrasound for clinical applications ranging from diagnosis to therapy and surgery. They
are also used for underwater detection, such as sonar and fish finding, and nondestructive

testing.

The ultrasonic transducers operate often in a pulse-echo mode. The transducer converts
electrical input into acoustic wave output. The transmitted waves propagate into a body
and echoes are generated which travel back to be received by the same transducer. These
echoes vary in intensity according to the type of tissue or body structure, thereby
creating images. An ultrasonic image represents the mechanical properties of the tissue,

such as density and elasticity. We can recognize anatomical structures in an ultrasonic
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image since the organ boundaries and fluid-to-tissue interfaces are easily discerned. The
ultrasonic imaging process can also be done in real time. This means we can follow
rapidly moving structures such as heart without motion distortion. In addition,
ultrasound is one of the safest diagnostic imaging techniques. It does not use ionizing
radiation like X-rays and thus is routinely used for fetal and obstetrical imaging. Useful
areas for ultrasonic imaging include cardiac structures, the vascular systems, the fetus and
abdominal organs such as liver and kidney. In brief, it is possible to see inside the human

body without breaking the skin by using a beam of ultrasound.

There are various types of transducers used in ultrasonic imaging. Mechanical sector
transducers consist of single, relatively large resonators and can provide images by its
mechanical scanning such as wobbling. Multiple element array transducers permit
discrete elements to be individually accessed by the imaging system and enable electronic
focusing in the scanning plane to various adjustable penetration depths through the use of
phase delays. Two basic types of array transducers are linear and phased (or sector). A
linear array is a collection of elements arranged in one direction, producing a rectangular
display. A curved linear (or convex) array is a modified linear array whose elements are
arranged along an arc to permit an enlarged trapezoidal field of view. The elements of
these linear type array transducers are excited sequentially group by group in a sweep of
the beam in one direction. These linear array transducers are used for radiological and
obstetrical examinations. On the other hand, in a phased array transducer the acoustic

beam is steered by signals that are applied to the elements with delays, creating a sector
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display. This transducer is useful for cardiology applications where positioning between

the ribs is necessary.

Figure 5 shows the basic ultrasonic transducer geometry. The transducer is mainly
composed of matching, piezoelectric material and backing layers. (18) One or more
matching layers are used to increase sound transmissions into tissues. The backing is
added to the rear of the transducer in order to damp the acoustic backwave and to reduce
the pulse duration. Piezoelectric materials are used to generate and detect ultrasound. In
general, broadband transducers should be used for medical ultrasonic imaging. The broad
bandwidth response corresponds to a short pulse length, resulting in better axial
resolution. Three factors are important in designing broad bandwidth transducers. The
first is acoustic impedance matching, that is, effectively coupling acoustic energy to the
body. The second is a high electromechanical coupling coefficient of the transducer. The
third is electrical impedance matching, that is, effectively coupling electrical energy from
the driving electronics to the transducer across the frequency range of interest. These
pulse echo transducers operate based on thickness mode resonance of the piezoelectric
thin plate. The thickness mode coupling coefficient, k,, is related to the efficiency of
converting electric energy into acoustic and vice versa. Further, a low planar mode
coupling coefficient, k;, is beneficial for limiting encrgies being expended in nonproductive
lateral mode. A large dielectric constant is necessary to enable a good electrical impedance

match to the system, especially with tiny piezoelectric sizes.
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Table 3 compares the properties of ultrasonic transducer materials. (7)(19) Ferroelectric
ceramics, such as lead zirconate titanate and modified lead titanate, are now-a-days almost
universally used as ultrasonic transducers. The success of ceramics is due to their very
high electromechanical coupling coefficients. In particular, soft PZT ceramics such as
PZT-5A and SH type compositions are most widely used because of their exceedingly
high coupling properties and because they can be relatively easily tailored, for instance, in
the wide dielectric constant range. On the other hand, modified lead titanates such as
samarium doped materials have high piezoelectric anisotropy: the planar coupling factor
ko is much less than the thickness coupling factor k. This absence of lateral coupling
leads to reduced interference from spurious lateral resonances in longitudinal oscillators.
This is very useful in high-frequency array transducer applications. One disadvantage to
PZT and other lead based ceramics is their large acoustic impedance (approximately 30-
kgm2s™! (Mrayls) compared to body tissue (1.5 Mrayls). Single or multiple matching
layers with intermediate impedances needed to be used in the case of PZT to improve

acoustic matching.

On the other hand, piezoelectric polymers, such as polyvinyliden-difluoride-
trifluoroethylene, have much lower acoustic impedance (4 - 5 Mrayls) than the ceramics
and thus provide better matching with soft tissues. However, piezopolymers are less

sensitive than the ceramics and they have relatively low dielectric constants, requiring
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large drive voltage and giving poor noise performance due to electrical impedance

mismatching.

An alternative to ceramics and polymers is piezoelectric ceramic/polymer composites.
Piezocomposites having 2-2 or 1-3 connectivity are commonly used in ultrasonic medical
applications. These combine the low acoustic impedance advantage of polymers with the

high sensitivity and low electrical impedance advantages of ceramics.

The design frequency of a transducer depends on the penetration depth imposed upon by
the application. Resolution is improved with increasing frequency. Although a high
frequency transducer is capable of producing a high resolution image, higher frequency
acoustic energy is more readily attenuated by the body. A lower frequency transducer is
used as a compromise when imaging deeper structures. Most medical ultrasound imaging
systems operate in the frequency range from 2 to 10 MHz and can resolve objects
approximately 0.2 to 1 mm in size. At 3.5 MHz, imaging to a depth of 10 -20 cm is
possible, while at 50 MHz, increased losses limit the depth to less than 1 cm. Higher-
frequency transducers (10 - 50 MHz) are used for endoscope-based imaging and for
catheter-based intravascular imaging. At a higher frequency over 100 MHz applications
are being done in the field of ultrasound microscopy. The operating frequency of the
transducer is directly related to the thickness and velocity of sound in piezoelectric
materials employed. As frequency increases resonator thickness decreases. Fora 3.5

MHz transducer, PZT ceramic thickness needs to be roughly 0.4 mm. Most conventional
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ceramic transducers, such as PZT are limited to frequencies below nearly 80 MHz
because of the difficulty of fabricating thinner devices. (20) For microscopic applications

at a frequency over 100 MHz, corresponding to the thickness of less than 20 pm

piezoelectric thin-film transducers such as ZnO have to be used. (21)

Actuators and motors

Actuators

Currently the other important applications of piezoelectric materials exist in actuator
fields. (22) Actuators are defined as the transducers capable of transferring input energy
into a mechanical output energy. Using the converse piezoelectric effect, small
displacement can be produced by applying a field to a piezoelectric materials. Vibrations
can be generated by applying an alternating field. In advanced precision engineering, the
demand for a variety of types of actuators which can adjust positions precisely
(micropositioning devices), suppress noise vibrations (dampers), or drive objects
dynamically (ultrasonic motors) exist. These devices are used in broad areas including
optics, astronomy, fluid control and precision machinery. For actuator applications,
piezoelectric strain and electrostriction induced by an electric field are used. Especia